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Rheumatology, Seventh Edition, builds on the success of the previous editions. 
The most notable change is the addition of Professor Ellen Gravallese as 
one of the Editors. Professor Gravallese is internationally recognized for her 
basic and translational work in the study of the immune-mediated inflammatory 
mechanisms of bone and cartilage destruction in rheumatoid arthritis. Her 
addition to the Editorial team has refocused our efforts to provide a strong 
basic and translational science component to the new edition.

Designed to meet the needs of the practicing clinician, this medical reference 
book provides extensive coverage of rheumatic and musculoskeletal diseases 
from basic scientific principles to practical points of clinical management 
in a lucid and logical manner. As stated by Professor Jan Dequeker in his 
review of the fourth edition, “Rheumatology is the most comprehensive, 
authoritative rheumatology text designed to meet the complete needs of all 
practicing and academic rheumatologists as well as arthritis-related health 
care professionals and scientists interested in disorders of the musculoskeletal 
system. The edition is firmly grounded on modern medical science, integrating 
the relevant basic biology with current clinical practice, easily accessible, 
user-friendly, and a beautifully illustrated color publication.” Dr. Harry Brown, 
in his review of the sixth edition, noted that “[m]y lasting impression of 
this book was the very same as the first time I opened these two lavish 
volumes and that was – wow. I would suspect this is the nearest you would 
get to an encyclopaedia of rheumatology.”

For this new edition, every chapter has been either substantially revised 
or, in many cases, entirely rewritten, following a rigorous editorial policy to 

ensure that the content and format of the book remain consistent and meet 
the highest possible standards. Each chapter has been updated to incorporate 
a broad range of new information. Seventeen completely new chapters cover 
basic biomedical and translational science, disease and outcome assessment, 
including new imaging modalities and early emerging disease, clinical 
therapeutics, and patient management, including rehabilitation. The text 
has been streamlined, ensuring that each chapter contains the most critical 
and current information in the field, while supplemental materials (including 
extra tables, figures, and bonus text) are conveniently located online. The 
index has also been improved, making it easier for the reader to find topics 
of interest.

The production of this edition of Rheumatology has been a greatly enjoyable 
team effort. We would like to thank the authors who have contributed to 
this and previous editions of the book, as well as the excellent team at 
Elsevier, including Jennifer Shreiner, Michael Houston, Nancy Duffy, Ted 
Rodgers, Bridget Hoette, and Nichole Beard.

We look forward to bringing you the eighth edition in another 4 years.
Marc C. Hochberg

Ellen M. Gravallese
Alan J. Silman

Josef S. Smolen
Michael E. Weinblatt
Michael H. Weisman
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1 SCIENTIFIC BASIS OF 
RHEUMATIC DISEASE

1 

The synovium
Andrew Filer • Christopher D. Buckley

A. Anatomy and Physiology

tissue. Diseased synovial tissue may lose any recognizable lining structure 
and may only be definable by its relation to the joint. These variations 
probably reflect the interplay of several factors in synovial embryogenesis 
and histogenesis.

EMBRYOLOGY
In the early embryonic limb bud, a central core or blastema that will ultimately 
form the skeleton appears. Within this core, foci of cartilage appear, each 
destined to become bone. Blastemal cells around cartilage foci form a peri-
chondrial envelope showing strong CD44 expression. The area where this 
envelope lies between cartilage elements is known as the interzone, from 
which the synovium forms. The perichondrium, forming a sleeve around 
each cartilage element, subsequently invades the cartilage to form bone 
marrow. Thus, synovial and bone marrow stromal cells come from the same 
embryonic stock and this is reflected in their transcriptional functional 
abilities.2,3

Shortly before the joint cavity forms, CD55 expression appears on cells 
along the joint line4 followed later by vascular cell adhesion molecule 1 
(VCAM-1) expression. After cavity formation, the intimal layer also takes 
on a higher level of expression of CD44 and β1 integrins compared with 
subintima. Expression of these three markers (CD44, CD55, VCAM-1 [CD106]) 
confirms the strong similarity between synovial and bone marrow stromal 
cells.

The mechanism of cavity formation is not fully understood; a working 
hypothesis implicates interactions between interzone cells bearing CD44 (a 
hyaluronan receptor) and hyaluronan itself.5,6 Shortly before cavity formation, 
the cells of the potential joint line show high uridine diphosphoglucose 
dehydrogenase (UDPGD) activity, which suggests increased hyaluronan 
synthesis. At the time of cavity formation, high levels of hyaluronan appear 
along the joint line, saturate CD44, and induce disaggregation; at low 
concentrations hyaluronan cross-links CD44 molecules on adjacent cells, 
inducing cell aggregation.

Cavity formation might be expected to require lysis of matrix fibers. 
However, in human joints, cavity formation is not associated with high local 
levels of matrix metalloproteinases (MMPs) at the joint line. In fact, matrix 
fibers appear to run only parallel to the joint line before cavity formation; 
apoptotic cells found in the interzone at this time are not localized to the 
joint line and are unlikely to contribute to cavity formation. It appears, 
therefore, that development of the joint cavity arises more from differential 
tissue expansion than through loss of solid elements.

STRUCTURE
The microscopic anatomy of synovial tissue was first fully described by Key,7 
who divided synovium into three main types on the basis of subintimal 
structure: fibrous, areolar, and adipose (Fig. 1.1, a to c). He also noted that 
subintima may be periosteum, perimysium, or even hyaline or fibrocartilage.

Areolar synovium is the most specialized form (see Fig. 1.1, a). It is often 
crimped into folds, which may disappear when stretched. Less often it carries 
projections or villi. A more or less continuous layer of cells lies two or three 

DEFINITIONS
The study of synovial tissue is of major importance in understanding the 
pathogenesis of inflammatory arthritis, including rheumatoid arthritis (RA) 
and seronegative spondyloarthritis (SpA). Despite this, our knowledge of 
the immunohistochemical architecture of the synovial membrane, particularly 
in normal subjects, is surprisingly limited, mainly because of the lack of 
good tissue and cell-specific markers and the difficulty in obtaining synovial 
tissue in the early as opposed to later stages of disease.

Synovium is the soft tissue lining the spaces of diarthrodial joints, tendon 
sheaths, and bursae. The term includes both the continuous surface layer 
of cells (intima) and the underlying tissue (subintima). Whereas the intima 
is composed of specialized tissue resident macrophages and fibroblasts, the 
subintima contains blood and lymphatic vessels, a cellular content of both 
resident fibroblasts and infiltrating cells in a collagenous extracellular matrix 
(ECM). Between the intimal surfaces is a small amount of fluid, usually rich 
in hyaluronan (hyaluronic acid). Together, this structure provides a nonadher-
ent surface between tissue elements. Unlike serosal surfaces, which also have 
nonadherent properties, synovium is derived from ectoderm and does not 
contain a basal lamina.

In normal subjects, the intimal layer is 20 to 40 µm thick in cross-section, 
and the areolar subintima can be up to 5 mm in thickness. At many sites, 
there is no discrete membrane, especially where subintima consists of fat 
pad or fibrous tissue.

Synovium is often atypical. Intimal cells may be absent. Superficial bursae 
contain little or no hyaluronan-rich fluid.1 Ganglia are herniated sacs containing 
hyaluronan-rich fluid but do not occur at sites of mechanical shearing and 
do not have a typical intima and so may not be considered really to be synovial 

Key Points
■ The synovium is a mesenchymal membrane that lines diarthrodial joints, tendon 

sheaths, and bursae.

■ Specialized functions of synovium include nonadherence, control of synovial fluid 
production and composition, and providing chondrocyte nutrition.

■ The normal synovium produces very low levels of proinflammatory cytokines and 
some antiinflammatory, proresolving cytokines and eicosanoids. In addition, the low 
levels of expression of RANKL (receptor activator of nuclear factor-κB ligand) with 
high levels of expression of OPG (osteoprotegerin) result in a low RANKL-to-OPG 
ratio. This homeostatic balance is likely to be important in preventing 
osteoclastogenesis in the normal, noninflamed synovium.

■ Mesenchymal markers expressed by synovial fibroblasts, such as cadherin-11, 
endosialin (CD248), and podoplanin (gp38), may be critical for the development of 
the synovial lining by facilitating cellular organization, compaction, and matrix 
development. In pathologic settings, they appear to promote cartilage invasion and 
bone destruction.

■ Synovial fibroblasts carry positional and topographic memory that may provide the 
molecular basis for site-specific differences in the pattern of joint involvement in 
different rheumatologic diseases.
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Adipose synovium occurs as fat pads and within villi (see Fig. 1.1, b). It 
has a complete intimal cell layer and a superficial net of capillaries. The 
intima may lie directly on adipocytes, but there is usually a band of collagen-
rich substratum, but the deeper tissue is fat. Villi usually have a central 
arteriole and venule but can be avascular. The amount of fat in villi varies 
and probably decreases with age, with an increase in fibrous tissue.

Fibrous synovium is more difficult to define, consisting of fibrous tissue 
such as ligament or tendon on which lies an intermittent layer of cells (see 
Fig. 1.1, c). Fibrous synovium may be indistinguishable from fibrocartilage, 
especially in the annular pads found in finger and toe joints.

INTIMAL CELLS
Two types of intimal cells have been defined by electron microscopy, one 
consistent with a macrophage (type A) and the other with a fibroblast (type 
B).15 It is now generally accepted—from immunohistochemical studies and 
other lines of evidence—that intimal macrophages are true macrophages. 
However, whether they are derived from circulating precursors from the 
bone marrow or are derived from fetal macrophages remains unclear.16 Intimal 
fibroblasts on the other hand are nonhematopoietic cells and are tissue 
derived.14,15,17,18 In normal healthy synovium, synovial fibroblasts are the 
dominant cell population.19

Immunohistochemical and cytochemical methods have superseded electron 
microscopy as tools for cell identification.20 Intimal macrophages can be 
distinguished by their nonspecific esterase (NSE) activity and expression of 
surface markers such as CD68 and CD163. Often they are CD45 positive as 
well as expressing podoplanin/gp38 (Fig. 1.2). Intimal fibroblasts show intense 
activity of the enzyme UDPGD and prominent expression of VCAM-1 and 
CD55 (complement decay-accelerating factor [DAF]). In most disease states 
such as RA, intimal cells increase in size and number (Fig. 1.3). This is not 
just due to hyperplasia but a complex change in cell populations, in terms 
of both origin and function, which may be dominated by macrophage influx.19

deep on the tissue surface.8,9 Immediately beneath these cells are capillaries. 
Further into the tissue, there is a plexus of small arterioles and venules,10,11 
often associated with mast cells. Lymphatic vessels can be found in all types 
of normal synovial tissue, although they are infrequent in the fibrous type 
of normal synovium.12 In normal synovium, most lymphatic vessels are 
found in the deep subintima and fibrous layers, but in synovium from patients 
with inflammatory arthritis, lymphatic vessels are widespread and numerous. 
Nerve fibers are present, chiefly in association with blood vessels.13 Three 
different layers of tissue matrix may be distinguished. The intima is associated 
with a fine fibrillar matrix with few type I collagen fibers.14 Beneath this is 
a layer relatively rich in type I collagen, which forms a physical membrane. 
Deeper is a loose layer that allows the membrane to move freely. Beyond 
the loose layer lies ligament, tendon, or periosteum.

a b c

FIG. 1.1 (a) Areolar form of synovium (hematoxylin and eosin [H&E]). (b) Adipose form of synovium (H&E). (c) Fibrous form of synovium (H&E). (Magnification ×200.) 
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FIG. 1.2 Stromal markers 
differentially expressed in the 
lining and sublining. FAP, 
Fibroblast activation protein-α. 

FIG. 1.3 Synovium in rheumatoid arthritis (×400) showing a thickened intimal layer 
containing mainly CD68+ macrophages (red) on the surface and weakly CD55+ 
fibroblastic cells beneath (blue). 
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diversity of stromal cells, and in particular fibroblast phenotype and function 
and their roles beyond those of space filling and ECM homeostasis, has been 
underplayed in the synovium.26,27 We now know that these cells vary phe-
notypically at different anatomical sites and contribute significantly to the 
identity of individual tissues, providing the so-called “stromal postcode.”28 
Furthermore, it is known that, rather than acting as a bystander to the body’s 
protective mechanisms and to disease processes, the fibroblast is capable of 
actively participating and indeed orchestrating inflammation and immunity.29 
The fibroblast communicates with resident and infiltrating cells via cytokines 
and cell contact dependent mechanisms, playing a central role in the 
pathogenesis of synovial pathology.

The synovial intima contains cells that are adapted to hyaluronan produc-
tion. In normal synovium, CD68-negative intimal fibroblasts express high 
enzymatic activity for UDPGD.30 UDPGD converts UDP glucose into UDP 
glucuronate, one of the two substrates required by hyaluronan synthase for 
hyaluronan polymer assembly. Unlike the activity of many other enzymes, 
UDPGD activity in intimal fibroblasts is reduced, rather than enhanced, in 
diseased tissue. Synovial intimal fibroblasts express CD55 (see Fig. 1.5), a 
feature distinguishing them from intimal macrophages.31,32

Cells disaggregated from inflamed synovium and grown in tissue culture 
display fibroblast characteristics and ramifying processes with production 
of high levels of MMPs.33 It is not known whether they derive from intimal 
or subintimal cells. In tissue sections, immunoreactivity for collagenase and 
gelatinase is patchy and not necessarily confined to the intima.

Synovial intimal fibroblasts also show prominent expression of several 
adhesion molecules,9,34,35 including VCAM-1, intercellular adhesion molecule 
1, CD44, and β1 and β3 integrins. Expression of VCAM-1 (Fig. 1.6) is par-
ticularly unusual, being absent from most other normal fibroblast populations, 
but CD44 and β1 integrins are present at lower levels. The role of VCAM-1 
with respect to intimal fibroblasts is puzzling, reflecting its embryologic 
similarities to bone marrow fibroblasts, which are also VCAM-1 positive. 
Expression of VCAM-1 may modulate cell trafficking because its ligand, α4β1 
integrin, is present on mononuclear leukocytes but not granulocytes. Intimal 
fibroblasts may allow transmigration of polymorphs but not mononuclear 
cells into synovial fluid, potentially trapping inflammatory cell infiltrates 
within the synovial membrane in disease states such as RA.

Recently, the presence of both clusterin (a glycoprotein involved in recycling 
and apoptosis) and (gp38) podoplanin (a membrane glycoprotein with diverse 
functions) has been reported in normal synovial fibroblasts; interestingly, 
podoplanin (which in the setting of neoplasia is associated with poor prognosis 
and metastatic disease) has been shown to be highly expressed in RA synovial 
fibroblasts with their attendant migratory and invasive potential36,37  
(Fig. 1.7).

Under inflammatory conditions, fibroblasts can act as organ-specific sentinel 
cells, where they play a role in the switch from acute resolving to chronic 
persisting. In addition to contributing to the recruitment and emigration of 
inflammatory cells to and out of the joint, they modulate the survival and 
retention of infiltrating leukocytes. Interestingly, new data raise the possibility 
of epigenetically programmed aggressive fibroblasts “spreading” arthritis 
from inflamed to uninflamed joints in the early stages of arthritis but at the 
same time offering the possibility of specifically targeting stromal subpopula-
tions of choice.38

The expression of two other surface molecules by synovial fibroblasts is 
noteworthy. Complement receptor 2 (CR2, CD21) is not expressed by normal 
intimal fibroblasts but can be induced on synovial fibroblasts in culture, in 
contrast to other fibroblast populations.39 DAF, VCAM-1, and CR2 are all 
involved in B-lymphocyte survival, as is a bone marrow stromal cell marker, 
BST-1, reported to be expressed on fibroblasts in rheumatoid, but not normal, 
synovial intima.40 Other molecules associated with bone marrow stromal 

SYNOVIAL MACROPHAGES
Macrophages are present in both the intima and subintima. Intimal mac-
rophages carry typical macrophage lineage markers. They show prominent 
NSE activity and are strongly positive for CD163 and CD68 but less so for 
CD14 (Fig. 1.4). Macrophages also express the immunoglobulin receptor 
FcγRIIIa. Strong FcγRIIIa expression is restricted to a subset of macrophages 
that correspond closely to sites of macrophage activation in rheumatoid 
disease: synovial, alveolar, serosal, scleral, and salivary gland; lymphoid 
tissue and bone marrow; and Kupffer cells.21 Subintimal macrophages are 
FcγRIIIa dull or negative. Macrophages also express Z39Ig, a recently described 
inducible cell surface receptor linked to the classic complement pathway; 
Z39Ig expression can occur during macrophage differentiation and induce 
activation of the transcription factor nuclear factor-κB (NF-κB) and production 
of matrix-degrading MMP-9.22

Macrophages make up a minority of cells in normal intima (Figs 1.4 and 
1.5). In disease, the proportion of macrophages increases (see Figs 1.2 and 
1.3). Distribution varies, but a common pattern is a superficial layer of 
macrophages with an intimal phenotype; beneath this a layer of intimal 
fibroblasts; and further beneath and beyond the limits of the intima, a zone 
of NSE-weak, strongly CD14+ and FcγRI+ macrophages, associated with 
venules. The deep, strongly CD14+ cells may be recently recruited cells and 
the superficial cells tissue resident.23

In addition to true macrophages, there may be a small number of antigen-
presenting interdigitating dendritic cells in normal synovial intima; these 
are more frequent in disease with greater overlap of markers, which confounds 
interpretation.24,25 Cells with features of osteoclasts such as expression of 
tartrate-resistant acid phosphatase and the vitronectin receptor also often 
appear in inflamed synovium. However, fully typical osteoclasts with calcitonin 
receptors appear to be restricted to pigmented villonodular synovitis and 
giant cell tumors of tendon sheath.

SYNOVIAL FIBROBLASTS IN THE STROMA
The anatomical term stroma was originally derived from the Greek word 
describing a platform on which to lie and is used to describe the supporting 
substance of a tissue. Its principal role is to maintain the microenvironment 
required by the parenchyma, the important functional elements of each body 
system. The stroma includes the cells of mesenchymal origin; the nerves, 
the vessels, and the epithelia that reside in a tissue in steady state; and the 
extracellular matrices and fluids that these cells produce. Traditionally, the 

FIG. 1.4 Synovial macrophages. Normal synovium (×200) stained for CD68+ mac-
rophages (red). 

FIG. 1.5 Normal synovium (×200) stained for CD55+ fibroblasts, which are the 
predominant cell in the normal synovium intimal layer (contrast with Fig. 1.3). FIG. 1.6 Normal synovium (×200) stained for vascular cell adhesion molecule 1. 
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cells such as the chemokine stromal cell–derived factor-1 (CXCL12) and 
bone morphogenetic proteins and their receptors,41-43 are expressed by synovial 
fibroblasts under various conditions. Moreover, lubricin, otherwise known 
as superficial zone protein, a glycoprotein found in synovium and the superficial 
zone of articular cartilage,44 derives from the same gene as megakaryocyte-
stimulating factor. A defect of this gene leads to CACP (camptodactyly 
arthropathy coxa vara pericarditis) syndrome. As indicated earlier, these 
patterns of gene expression may reflect a common embryologic origin for 
synovial and bone marrow stromal cells.

Self-renewing mesenchymal stem cells that compare favorably with bone 
marrow–derived mesenchymal stem cells in terms of their ability to differentiate 
into bone, cartilage, and adipose tissue have been isolated from the normal 
synovium; it is unclear which component of the synovial membrane is home 
to these cells,45,46 but expression of the mesenchymal stromal cell marker 
CD248 in the sublining layer (see Fig. 1.7) suggests that they may derive 
from this anatomical compartment.47

INTIMAL MATRIX
Intimal matrix has an amorphous or fine fibrillar ultrastructure. It is poor 
in type I collagen but contains minor collagens III, IV, V, and VI48,49 as well 
as laminin, fibronectin, and chondroitin-6-sulfate–rich proteoglycan, which, 
with collagen IV, are components of basement membrane; however, the 
basement membrane is conspicuous by its absence beneath the intimal layer. 
The looser structure of intimal matrix may be explained by the absence of 
entactin, which links other components in basement membrane together. 
Intimal microfibrils are of two types: fibrillin-1 microfibrils form a basketwork 
around cells, and collagen VI microfibrils form a uniform mesh.

Intimal matrix contains large amounts of hyaluronan (Fig. 1.8), which 
tails off 20 to 50 µm deep; this possibly indicates diffusion from the surface 
toward clearing lymphatics.

CD45  CD31  GP38  CD248

Normal synovium Rheumatoid synovium

a b

FIG. 1.7 Stromal markers differentially expressed in 
rheumatoid arthritis. (a) Normal synovium. (b) Rheumatoid 
synovium. 

FIG. 1.8 Normal synovium stained for hyaluronan using a histochemical probe derived 
from proteoglycan core protein hyaluronan-binding region. Staining is most intense 
surrounding the lining cells and decreases further into the tissue. (Magnification 
×200.) 

FIG. 1.9 Normal synovium (×200) stained with factor VIII to demonstrate the vascular 
network. 

FIG. 1.10 Normal synovium (×200) stained with lymphatic vessel endothelial hyaluronan 
receptor-1 antibody to demonstrate the lymphatic network. 

VASCULAR NET
A rich microvascular net lies beneath the synovial surface.10,11 Capillaries 
(prominent in children and decreasing with age) occur just below or within 
the intima (Fig. 1.9). Some capillaries are fenestrated, and fenestrae tend to 
face the tissue surface50; 50 to 100 µm beneath the surface, small venules 
are prominent. About 200 µm beneath the surface, larger venules, together 
with arterioles and lymphatics (Fig. 1.10),12 form an anastomosing quadrilateral 
array. Vessels with lymphatic staining characteristics are prominent in RA 
synovium. It has been proposed that failure of lymphatic drainage of synovial 
fluid is a cause of villous proliferation in RA synovial tissue. If this is correct, 
it is likely to be due to overloading of existing lymphatic channels with 
hyaluronan-rich extracellular fluid and leukocytes rather than a lack of 
lymphatic channels.12

Apart from the fenestration of superficial capillary endothelial cells, there 
is little evidence of specialization in synovial endothelium. Endothelial cells 
enlarge in inflamed tissue, and microvascular proliferation can occur, but 
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Functions of the tissue relating to the synovial cavity may be considered 
to be the following:
■ Maintenance of an intact nonadherent tissue surface
■ Lubrication of cartilage
■ Control of synovial fluid volume and composition
■ Nutrition of chondrocytes within joints

MAINTENANCE OF THE TISSUE SURFACE
Synovial surfaces must be nonadherent to allow continued articular movement. 
Animal models suggest that production of hyaluronan by intimal fibroblasts 
may be important in inhibiting adhesion.53 Plasminogen activator and DAF 
from intimal fibroblasts may also inhibit fibrin formation and scarring. To 
retain synovial fluid, the intimal matrix consists of a fibrous mat of a particular 
porosity that allows free exchange of crystalloids and proteins but inhibits 
rapid transit of the viscous hyaluronan solution that is an important component 
of the fluid. The vasculature is likely to be important in both intimal cell 
nutrition and recruitment of new cells. New macrophages are derived from 
blood monocytes that are thought to enter the tissue through venules, and 
perivascular fibroblasts may provide the main pool of intimal fibroblast 
precursors.

LUBRICATION
The ability of synovial fluid to lubricate cartilage surfaces depends on the 
presence of glycoproteins, especially a glycoprotein known as both lubricin 
and superficial zone protein because of its localization to the surface of synovium 
and cartilage.44

Whatever the precise forces acting on fluid volume, the presence of 
hyaluronan is likely to be the main factor responsible for retaining a constant 
volume of fluid during exercise.54 This fluid is probably important as a 
cushion for synovial tissue and as a reservoir of lubricant for cartilage. It is 
likely that mechanical stimulation of intimal fibroblasts dictates the rate of 
synthesis and exportation of hyaluronan into the synovial fluid compartment. 
Thus, when synovial fluid volume is high, reduced mechanical stresses on 
intimal fibroblasts result in a reduced rate of hyaluronan production and 
vice versa.

Two distinct mechanisms create joint effusions. When synovium is 
mechanically irritated by worn bone and cartilage, the composition of the 
fluid remains reasonably normal. Excessive production of hyaluronan by 
intimal fibroblasts stimulated by frictional forces retains plasma dialysate in 
the synovial cavity; in synovitis, the effusion is an accumulation of exudate 
similar to a pleural effusion (i.e., an overspill from the inflammatory edema 
in synovial tissue created by increased vascular permeability). Recent theories 
about possible low-grade inflammatory and immune reactions contributing 
to the pathogenesis of osteoarthritis suggest that these two mechanisms of 
effusion development may not be as distinct as originally thought.55 Addition-
ally, recent proteomic evidence suggests that the increased vascular permeability 
as seen in inflammation may be related not only to an increase in interen-
dothelial gaps but also to glycocalyceal damage and aquaporin 
upregulation.56

CHONDROCYTE HEALTH AND NUTRITION
The synovium provides the major structure that aids chondrocyte nutrition. 
In normal joints, a surprisingly large proportion of hyaline cartilage lies 
within 50 µm of a synovial surface. In any one position, only a small proportion 
of cartilage is opposed to the other articular surface, and synovium packs 
most of the space between less congruent areas. In immature joints, the 
incomplete subchondral plate may contribute to nutrition, but in adult joints, 
this route is unlikely to be significant. Nutrition of areas of cartilage that do 
not come into close contact with synovium (concave articular surfaces in 
particular) must take an indirect route. Although a small proportion of 
nutrition may be imparted by smearing of a thin film of fluid over these 
surfaces during movement, indirect routes through cartilage matrix and the 
apposed articular cartilage may be more important.6

Diarthrodial joints (in both cartilage and synovium) have been found to 
express high levels of transforming growth factor-β (TGF-β), a latent complex 
that requires activation to induce a biologic response. Recent in vivo experi-
ments suggest that shearing of synovial fluid because of physiologic joint 
motion may play an important role in TGF-β activation, which may be 
essential to maintain the biochemical content and structural integrity of 
healthy cartilage.57,58

Even though the blood vessels in synovium provide the most direct route 
for cartilage nutrition, there is no evidence that they are structurally adapted 
to this function. The fenestrae seen in superficial capillaries are present in 

these events are common to inflammation at many sites. Tissue-specific 
adhesion molecules, or addressins, have been sought in the synovium, but 
nothing conclusive has been found unlike the case in the skin and gut, both 
epithelial organs.

CELL ORIGINS AND RECRUITMENT
Evidence to date indicates that both intimal and subintimal macrophages 
derive from bone marrow via circulating monocytes, many of which probably 
arrive through subintimal venules and migrate to the intima. Whether tissue 
resident macrophages also contribute remains unclear, but recent studies 
suggest that nonclassical monocytes or macrophages can contribute to the 
persistence or resolution of arthritis.23

Intimal fibroblasts are thought to arise by division within synovium. They 
might be a discrete self-replicating population, distinct from subintimal 
fibroblasts, but several pieces of evidence argue against this. Rates of cell 
division within the intima are very low, even in disease. After arthroplasty 
or synovectomy, intimal cells—likely replaced from the subintima rather 
than arising from intimal rests—reappear and express CD55, UDPGD, and 
VCAM-1. Disaggregated and cultured synovial fibroblasts lose VCAM-1 and 
CD55 expression, but the majority, apparently including cells of subintimal 
origin, readily express these markers after cytokine stimulation, in contrast 
to fibroblasts of dermal or subcutaneous origin. These findings suggest that 
synovial fibroblasts, in both the intima and subintima, belong to a specialized 
population with a propensity to express VCAM-1 and CD55 and are more 
similar to bone marrow than skin fibroblasts.2,3

Two studies8,9 have demonstrated the range of cells that can be found in 
the synovial subintima. CD3+ T cells, including CD4+, CD8+, and memory 
T cells, can be found within the normal synovial tissue; although they are 
likely to be simply trafficking through the normal synovium, their role, if 
any, in the homeostasis of synovial tissue is unknown. It is also possible to 
detect B cells, plasma cells, and granzyme B+ cells in normal synovium, 
although they are present in small numbers.

Although production of inflammatory cytokines, including interleukin-1 
(IL-1), IL-6, and tumor necrosis factor-α (TNF-α),9 can be detected in normal 
synovial tissue, expression levels are far lower than those seen in inflamed 
synovial tissue such as in RA. The amount of antiinflammatory cytokine 
production, at least in the case of IL-1 receptor antagonist (the naturally 
occurring inhibitor of IL-1), IL10, and other proresolving factors is far greater 
than the amount of inflammatory cytokine seen (Fig. 1.11).51 This would 
achieve the desired result of suppressing an inflammatory process in the 
normal synovial tissue. Similarly, the amount of RANKL (receptor activator 
of NF-κB ligand, an essential factor for the development of osteoclasts) seen 
in normal synovial tissue is low.9 The net result of this is to suppress the 
formation of osteoclasts within the normal synovium and preserve homeostasis 
within the normal joint.

FUNCTION
The functions of synovial tissue have proven to be remarkably difficult to 
define.52 Similar to other soft connective tissue, synovium provides a deform-
able packing that allows movement of adjacent, relatively nondeformable 
tissues. The difference between synovium and other soft connective tissue 
is that it allows most of the movement to occur between rather than within 
tissues. Areolar synovium may also have specialized viscoelastic properties 
for coping with the stretching, rolling, and folding it undergoes during joint 
movement.

FIG. 1.11 Normal synovium (×200) stained with an antibody to detect the interleukin-1 
receptor antagonist. 
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A recent study in a mouse model of arthritis has also raised the possibility 
of cadherin-11 expression on synovial fibroblasts as a potential therapeutic 
target in the treatment of RA60,61; inhibition of cadherin-11 interactions in 
this model interfered with both synovial inflammation and cartilage invasion 
by pannus without having any effect on bone erosion (predominantly osteoclast 
dependent) or immunosuppression. In this model, inflammation could be 
reduced substantially by antibodies to cadherin-11 or a cadherin-Fc fusion 
protein. Furthermore, cadherin-11 expression has been found to promote 
invasive behavior of fibroblasts and is increased by IL-17 and TNF-α, cytokines 
very relevant in RA pathophysiology.62-64

SUMMARY
Despite the biologic importance of understanding how the synovium responds 
to damage and drives inflammation, remarkably little is known about how 
stromal cells (as opposed to leukocytes) change during synovial development 
and inflammation. Difficulties in accessing synovial tissue from normal subjects 
and patients with early disease and the lack of good cell markers have proved 
to be obstacles to such work. However, synovial stromal cells are a functionally 
heterogeneous group with some displaying proinflammatory and destructive 
properties but others being immune regulatory and helping facilitate tissue 
repair. This has led to a dilemma: Which stromal cells should be targeted, 
and which should be retained? A clear understanding of the biology and 
significance of synovial tissue biology is therefore essential to provide a 
coherent rationale for targeting stromal cells in the future treatment of patients 
with arthritis.
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tendon sheath synovium at sites where there is no cartilage (or tendon) 
dependent on their supply of small molecules.

SYNOVIUM AS A TARGET FOR 
IMMUNE-MEDIATED DISEASE
Synovial joints are involved in several immunologic and inflammatory 
disorders, including RA, systemic lupus erythematosus, and seronegative 
SpA. Perhaps the most important reason for studying the biology of the 
synovium is to obtain insight into which immunopathologic processes are 
likely to be suitable therapeutic targets in inflammatory arthritides and in 
particular whether the synovial fibroblast is a therapeutic target.2,3

Autoimmune responses to synovial antigens might theoretically occur, 
but despite considerable effort, evidence for a specific synovial antigen is 
lacking. Moreover, associated targeting of other tissues such as pericardium 
or uveal tract requires an explanation. Few, if any, synovium-specific antigens 
are known, and when rheumatic disorders are associated with autoantibodies, 
the antigens involved are ubiquitous.

Understanding the microarchitecture of the normal synovium, including 
the wide range in microscopic appearances; cellular infiltrates; and production 
of cytokines, enzymes, and other biologically relevant proteins, assists in 
understanding the relevant changes in synovial tissue architecture and 
immunopathology in disease states. Although the architecture of the normal 
synovium is not as homogeneous as previously portrayed, consistencies 
across the broad spectrum of normal synovial tissues can be contrasted with 
those seen in chronically inflamed synovial tissue. The marked increase in 
synovial lining layer thickness with a reversal of the normal ratio of type A 
to type B intimal cells, which favors type B cells in normal synovium and 
type A cells in RA, is an example of this. Numerous other examples can be 
given, including the changes in subintimal cell content and cytokine and 
chemokine production,59 vascular and lymphatic changes, and production 
of MMPs and stimulators of osteoclast formation.
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The articular cartilage
Dick Heinegård • Pilar Lorenzo • Patrik Önnerfjord • Tore Saxne • Linda J. Sandell2 

Articular cartilage has key roles in the function of joints. A major function 
is to take up and distribute load such that a given point of the underlying 
bone can handle very high strain. Another role of cartilage is to provide 
low-friction movement. One key feature of joint diseases is deterioration of 
joint function, which results from progressive damage to articular cartilage 
by degradation of the structural components important for properties of the 
tissue. Progressive joint destruction may eventually lead to total loss of the 
cartilage accompanied by alterations in underlying bone in the common 
disease of osteoarthritis (OA) (Fig. 2.1). Mechanisms triggering this tissue 
destruction are not known in detail, but it is clear that excessive load may 
induce a remodeling process that fails to restore normal cartilage. Stimulation 
of chondrocytes by cytokines such as interleukin-1 (IL-1), IL-6, and tumor 
necrosis factor-α (TNF-α) induces the cells to degrade their surrounding 
matrix and can, over an extended period, result in total dissolution of cartilage 
in vitro. The identity of the individual enzyme or enzymes responsible for 
specific fragmentation of a particular matrix protein is not known, but in 
some cases, candidates have been established. A repair response often 
accompanies the ongoing tissue destruction. In more serious cases, this 
response is not sufficient, and tissue failure ensues.

A prerequisite for understanding the mechanisms of tissue destruction 
and failed repair is to know the functions of molecules in the extracellular 
matrix (ECM) and how they are assembled into larger networks. It is equally 
important to understand the mechanisms involved in their degradation. One 
important and basic clinical observation in joint diseases such as rheumatoid 
arthritis (RA) and OA is that after joint replacement, the inflammation recedes, 
and the symptoms that have been plaguing patients are ameliorated or disap-
pear in the vast majority of cases. This brings up the question of whether 
the components released from cartilage actually stimulate the inflammatory 
reaction.

The main structural entities in cartilage include aggrecan and collagen. 
The proteoglycan aggrecan has a primary role in taking up load and resisting 
deformation. The collagen network provides tensile properties, and the type 

VI collagen network may have a role in protecting the cell and guiding 
matrix assembly. A set of molecules close to the cells have specific functions 
in binding to particular cell-surface receptors and thereby provide signaling 
of conditions in the matrix.

This chapter focuses on describing the individual cartilage macromolecules 
and, when possible, their functional properties and their implications for 
tissue assembly. In some instances, candidate enzymes have been implicated 
in having roles in the degradation of specific macromolecules and will be 
discussed.

OVERALL TISSUE ORGANIZATION
The part of the matrix closer to cells, the territorial matrix, has a somewhat 
different composition and structure than the matrix at some distance, the 
interterritorial matrix (Fig. 2.2) (for references, see Heinegård and colleagues1). 
Examples of components found in both compartments are collagen type II 
fibers and aggrecan; in contrast, collagen type VI is found particularly in 
the territorial matrix, and cartilage oligomeric matrix protein (COMP) and 
cartilage intermediate layer protein (CILP) are primarily found in the interter-
ritorial matrix of normal cartilage. There is also a difference in the composition 
of cartilage from the superficial to deep layers. In the superficial layer, collagen 
fibers are thinner and arranged in parallel with the surface of the tissue; in 
the deeper layer, the fibers are thicker and arranged perpendicular to the 
surface, with a transition zone in between them (Fig. e2.1; also see Fig. 2.1). 
The superficial part of cartilage is enriched with a number of noncollagenous 
molecules, notably lubricin and asporin. At the same time, other molecules 
are much less abundant in this part of the tissue, as exemplified by aggrecan, 
which is particularly enriched toward the deeper parts of the tissue.1A Certain 
molecules such as CILP are found primarily in the middle portions of articular 
cartilage. Although a number of cartilage components have been described 
in recent years, our understanding of what specific requirements and functions 
are met by molecules with such a restricted localization in tissue is still  
very limited.

Different types of cartilage have markedly different compositions. Articular 
cartilage has major similarities, yet multivariate analyses of proteomics data 
have demonstrated differences between knee and hip articular cartilage.2

AGGRECAN
The major structure of aggrecan, illustrated in Fig. 2.3,1 consists of approxi-
mately 100 chondroitin sulfate glycosaminoglycan chains, each built from 
a disaccharide unit that is repeated some 50 times but with extensive variability. 
Each disaccharide contains uronic acid with a negatively charged carboxyl 
group and an N-acetylgalactosamine with a sulfate in either the 4 or the 6 
position. Each chain will therefore contribute around 100 negatively charged 
groups. The glycosaminoglycans are linked to a serine residue of the protein 
core of the proteoglycan via their reducing terminal end. The chains are 
clustered, and clustering differs between the two regions referred to as CS 
domain 1 and CS domain 2 (see Fig. 2.3). There is an additional glycos-
aminoglycan, keratan sulfate, that has a disaccharide building block of galactose 
and an N-acetylglucosamine with a sulfate in the 6 position. These chains 
are shorter and particularly enriched closer to the N-terminal end of the 
protein core, in the so-called keratan sulfate–rich region. The aggrecan 
molecule is composed of some 30 such chains.

The proteoglycan core protein contains globular domains flanking the 
three domains carrying glycosaminoglycan chains. The one most N-terminal, 
the hyaluronan-binding domain (G1 globe), contributes specific high-affinity 
binding of the aggrecan molecule to hyaluronan (see below). After a short 
interglobular domain there is a second globular domain (G2) that has structural 
similarities to the G1 globe but does not bind hyaluronan and has no known 
function. In the very C-terminal end of the aggrecan molecule, there is a 
G3 globe with a lectin homology domain; it contributes by binding to other 
proteins (e.g., fibulins and tenascins), which themselves can form molecular 
complexes involving several such molecules (see Fig. 2.2). Recently, mutations 

Key Points
■ The cells in cartilage maintain function of the extracellular matrix (ECM) via 

controlled turnover in response to minor damage caused by fatigue and altered load 
by removing malfunctioning matrix constituents by breakdown and producing new 
ones to achieve repair.

■ The cell obtains feedback on the quality of the ECM via a number of cell-surface 
receptors such as integrins, DDR-2 (discoidin domain receptor 2), hyaluronan 
receptors, and proteoglycans with specificity for different matrix molecules.

■ The composition of cartilage ECM is different close to cells in the territorial matrix 
than in the more distant interterritorial matrix. Composition also varies between 
different types of cartilage and from surface to deep articular cartilage.

■ The ECM of cartilage contains a specific proteoglycan—aggrecan—that provides a 
very high fixed charge density and therefore an osmotic environment, with water 
retention being essential for tissue resilience. Aggrecan is also part of a network in 
which globular domains interact with other molecules.

■ Fibrillar networks with collagen as the major constituent provide the tensile 
properties essential for load distribution and dissipation. The fibers contain other 
matrix proteins (e.g., those bound at their surface) that mediate interactions with 
other tissue structures, including neighboring fibers, which enhances their 
mechanical qualities.

■ Cartilage ECM contains growth factors and proenzymes that are sequestered by 
binding to matrix macromolecules, and these substances can be released upon 
degradation of the carrier molecules.

■ As a result of degradation of cartilage matrix, the fragments formed are released into 
surrounding fluids and can be used as indicators of the ongoing process, the 
so-called molecular marker technology.

■ Fragments of ECM components can activate innate immune responses such as 
complement.
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-EGE373-COOH sequence formed through cleavage by aggrecanase or via a 
further matrix metalloproteinase (MMP) cleavage that forms a C-terminal 
-PEN341-COOH sequence.10

Even from early experiments by Thomas11 and Fitton-Jackson and col-
laborators,12 it was clear that chondrocytes have a remarkable capacity to 
replace aggrecan molecules removed from tissue by the use of enzymes 
cleaving hyaluronan. It appears that a normal chondrocyte should be able 
to replace even large amounts of proteoglycans lost unless suppressed by 
cytokines such as IL-1 and TNF-α.

There is increasing evidence that the aggrecan degradation encountered 
in early joint disease, such as OA, is effectively counterbalanced by increased 
synthesis and deposition of the molecule such that no overall loss takes 
place.13,14

COLLAGEN FIBRILLAR NETWORKS
A major function of the ropelike collagen fiber networks in cartilage is to 
provide tensile strength and distribute the load so that excessive local force 
is not applied to the underlying bone. One type of fiber contains a core of 
collagen type II with a minor constituent of collagen type XI connected via 
a number of molecules bound at its surface.

The other fibrillar network contains a core of collagen type VI that forms 
a filamentous network primarily in the territorial matrix. This network is 
connected by a set of linker molecules to other molecules in the matrix, 
including collagen type II fibers and the major proteoglycans. These networks 
are discussed separately.

FIBERS WITH COLLAGEN TYPE II AS THE MAIN CONSTITUENT
Collagen type II and collagen type XI
The major fibrillar network in cartilage contains primarily collagen type II 
with a minor constituent of collagen type XI.15 A major feature of both these 
types of collagen is that the molecule forming the fibers is made up of three 
parallel, tightly associated polypeptide chains forming a very stable triple 

that abolish binding of the G3 domain to the fibulins and tenascins have 
been shown to lead to familial osteochondritis dissecans.3

Many aggrecan molecules will bind to a single, very long strand of 
hyaluronan, thereby forming large aggregates containing more than 100 
glycosaminoglycan chains, each with some 100 negatively charged groups. 
These charges are thus fixed in the tissue, and the presence of counter ions 
results in an osmotic environment that retains water and has an essential 
role in cartilage function by resisting compression and distributing load. 
The interaction of aggrecan via its G1 globe with hyaluronan is stabilized 
by the link protein having structures similar to the hyaluronan-binding 
domain of aggrecan. This link protein will bind to this domain of the pro-
teoglycan, as well as to hyaluronan.

In normal cartilage turnover, as well as in pathology, the aggrecan molecule 
is cleaved by enzymes called aggrecanases (i.e., ADAMTS-4 [a disintegrin 
and metalloproteinase with thrombospondin motifs] and ADAMTS-5)4,5 (see 
Fig. 2.3). One site of this cleavage is in the interglobular domain between 
the hyaluronan-binding G1 globe and the G2 globe. The cleavage occurs 
between the amino acids EGE and ARG (for references, see elsewhere6). The 
new N- and C-terminals formed have been used to develop antibodies that 
recognize the fragments produced only by the cleavage. These antibodies 
have in turn been used to demonstrate such fragments in body fluids and 
tissue extracts.6,7 The cleavage occurring in the domain carrying the chondroitin 
sulfate chains results in shortening of the aggrecan with ensuing decreased 
number of fixed charged groups (see Fig. 2.3). With aging, shorter aggrecan 
molecules accumulate, the extreme being hyaluronan-binding domain with 
no glycosaminoglycan-binding structures remaining.8 Indeed, in adults, a 
major proportion of the aggrecan molecules found in the interterritorial 
matrix at a distance from the cells do not contain the G3, C-terminal globular 
lectin homology domain (Aspberg and Heinegård, unpublished observation). 
On the other hand, the molecules in the territorial matrix close to the cells 
contain this domain, probably a result of the gradual turnover of the aggrecan 
molecules. At the same time, there is substantial accumulation of G1 domain, 
apparently retained by being bound to hyaluronan.9 This fragment can be 
identified in tissue either via its new C-terminal as represented by an 

NORMAL AND OA JOINTS SHOWING ORGANIZATION OF THE ARTICULAR CARTILAGE IN DIFFERENT COMPARTMENTS

NORMAL JOINT OSTEOARTHRITIC JOINT

Normal cartilage

Compartments

Altered cartilage

Decreased bone volume
(trabeculae)

Thickened subchondral bone

Cartilage destruction

Altered
compartments

Pericellular

Territorial

Interterritorial

Pericellular

Superficial

Ca
rti

la
ge

 d
ep

th
 (m

m
)

Intermediate

Deep

0

2

Protein
abundance

Aggrecan

TSP-1

Col6

TidemarkCalcified
cartilage

Bone

Superficial

Intermediate

Deep
Tidemark

Calcified
cartilage

Bone

Territorial

FIG. 2.1 As an example, one cartilage protein (cartilage intermediate layer protein [CILP]) shows a distinct change in localization from distribution 
in normal cartilage in intermediate parts of the tissue and rather selectively in the interterritorial matrix to a prominence at the superficial parts 
and primarily in the pericellular compartment in the diseased cartilage. The different distribution of matrix proteins with depth of the articular 
cartilage is illustrated by way of three examples in the left diagram. OA, osteoarthritis. 



SECTION 1 Scientific Basis of Rheumatic Disease10

metabolized on degradation of the collagen, they eventually end up in urine 
and can be measured as indicators of collagen breakdown.18

Collagen type XI
This fibril-forming collagen is an integral component of the fibers forming 
the main network in cartilage. Collagen type XI consists of a major triple-
helical portion, similar in size to that of collagen types I and II, but in 
contrast to these collagens, the N-terminal propeptides are retained with the 
molecule incorporated into the fiber. Some reports have indicated that the 
retained N-terminal parts are exposed at the surface of the fibers, with collagen 
type II being the major constituent and the major triple-helical portion being 
located more centrally in the fiber.19 Collagen type XI together with collagen 
type II appears to form the initial assembly of microfibrils that regulate 
further assembly of the cartilage collagen fiber, at least in skeletal morpho-
genesis.16 Interestingly, collagen type XI forms cross-links to primarily other 
collagen type XI molecules.20 There are examples of mutations in collagen 
type XI chains with ensuing major growth disturbances, thus indicating a 
role in cartilage growth and stability.21

Collagen type IX
This molecule is a member of the FACIT collagens (fibril-associated collagens 
with interrupted triple helices) and is found in tissue bound at the surface 
of the fibrils, with collagen type II being the major constituent. Collagen 
type IX contains three different α chains with three triple-helical domains 
(col1, col2, and col3), each surrounded by a noncollagenous domain (NC1, 
NC2, NC3, and NC4). The NC4 domain with its adjacent col3 triple helix 
protrudes from the fibers and is available for interactions with other molecules 
in the ECM, as schematically illustrated in Fig. 2.2.22 Examples of such 
ligands are COMP and the tyrosine sulfate domain of fibromodulin. Collagen 
type IX often contains a chondroitin sulfate side chain bound at the NC3 
domain. Its role in function of the collagen is not known.

Functionally, collagen type IX has been shown to interact with matrilins, 
COMP, and in particular, collagen type II. The collagen is actually covalently 
cross-linked to collagen type II in the fibers of adults.23 When collagen type 
IX is added in vitro to fibril-forming systems of collagen type II, assembly 
and fiber formation are retarded.

Mutations in collagen type IX lead to severe growth disturbances, such 
as pseudoachondroplasia or multiple epiphyseal dysplasia. Some of these 

helix, the collagen molecule. It is extremely asymmetric—300 nm long and 
1.5 nm in diameter. An amino acid quite unique for collagen is hydroxyproline, 
which is essential for stability of the molecule because of the hydrogen bonds 
formed to the hydroxyl group. Collagen type II is produced as a procollagen 
that does not form fibrils until the propeptides at both ends of the C- and 
N-termini are cleaved off (see Fig. e2.1). After this cleavage, the molecules 
form fibers by interactions with other collagen molecules such that a large 
part of the surface of the molecule is engaged and the collagen molecules 
are positioned so that they form a so-called quarter stagger arrangement in 
relation to one another.

The assembly process is regulated by a number of molecules in the matrix, 
including collagen type XI. It appears that the dimensions of the fiber formed 
depend on the relative proportion of collagens type II and XI, with the typical 
ratio being on the order of 50 : 1. This may depend on the presence of a 
central core of microfibrils of collagen type II and XI that direct assembly 
of the fiber.16

Collagen fibers in the superficial and deep layers of articular cartilage are 
different in dimension and direction. Thus, whereas fibers in the superficial 
layer of articular cartilage are thin and run in parallel, the thicker fibers in 
the deeper parts of cartilage run perpendicular to the surface. In the transition 
zone layer, fibers run at an angle (see Fig. e2.1).17 The organization can be 
seen as Benninghoff arcades on polarized light microscopy.

Collagen fiber formation is influenced by a number of matrix molecules, 
such as decorin, asporin, fibromodulin, COMP, and a special variant of an 
oversulfated chondroitin sulfate chain. In several of these cases, the molecules 
are also retained bound at the surface of the collagen fiber. This is particularly 
evident for collagen type IX, which has part of the molecule extending out 
from the fiber. These molecules appear to have roles in providing sites for 
interaction with other matrix molecules, including fibers other than those 
to which the protein is bound (see Fig. 2.2).

An important feature of the collagen fiber network is that the interactions 
become sealed by covalent cross-link formation after the fibers are assembled 
outside the cell. This cross-linking depends on the oxidation of lysine and 
hydroxylysine residues by lysyl oxidase to provide an aldehyde function that 
forms a Schiff base with a neighboring lysine amino group. These are then 
rearranged to become stable pyridinoline groups that cross-bridge between 
the molecules and within the molecules of a fiber. These cross-links are 
important for mechanical stability of the collagen. Because they are not 

Fibronectin

Collagen II/XI

TERRITORIALPERICELLULAR

Procollagen II

PRELP

HS-PG
(syndecan)HS-PG

(syndecan)

CHAD

Matrillin 1/3

Biglycan/decorin

+

+

Collagen VI

Aggrecan

HA

KS

CS
HA

CD44

Fibulin Link
protein

CILP

Co
lla

ge
n 

XI
II

Disc
oid

in

Ch
on

dr
oc

yt
e

Integrin

Int
eg

rin

COMP
Collagen II

INTERTERRITORIAL

Collagen II/XI
COMP

D
ec

or
in

Asporin

N
C4

Co
lla

ge
n 

IX
M

at
ril

in
-3

Fi
br

om
od

ul
in

SCHEMATIC ILLUSTRATION OF THE ORGANIZATION OF SPECIFIC CARTILAGE ECM
MACROMOLECULES INTO NETWORKS

SS

SS

FIG. 2.2 Indicated are the interactions 
between extracellular matrix (ECM) proteins 
and specific receptors at the cell surface. 
Note the different molecular composition of 
the territorial matrix closer to the cell than in 
the interterritorial matrix at some distance. 
CD44, Receptor for hyaluronan; CHAD, 
chondroadherin; CILP, cartilage intermediate 
layer protein; COMP, cartilage oligomeric 
matrix protein; CS, chondroitin sulfate; HA, 
hyaluronan; HS-PG, heparan sulfate 
proteoglycan; KS, keratan sulfate; NC4, 
N-terminal globular domain of collagen 9. 



CHAPTER 2 The articular cartilage 11

It appears that even though the collagen itself does not turn over, molecules 
on the fiber’s surface are continuously removed and replenished.

Molecules with putative roles in regulating fibril formation are found 
among those that can bind collagen in vitro.

Cartilage oligomeric matrix protein
Cartilage oligomeric matrix protein is a molecule primarily found in cartilage, 
where it is quite abundant at a concentration of around 0.1% of the tissue’s 
wet weight. The molecule is made up of five identical subunits, each with 
a molecular weight of around 87,000 Da. The five subunits are held together 
by a coil-coiled domain close to the N-terminal end, and disulfide bridges 
further stabilize the binding. The subunits are made up of several modules, 
including some binding calcium. At the C-terminal end, there is a globular 
domain that is involved in interactions with other proteins in the matrix. 
The molecule can be viewed as a bouquet of tulips tied together at their 
stalks (see Fig. 2.2).27

Cartilage oligomeric matrix protein, also referred to as thrombospondin-5, 
is a member of this family of proteins. Cartilage also contains other throm-
bospondins that share the same properties, with thrombospondin-1 and 
thrombospondin-4 being particularly abundant. These thrombospondins, 
however, contain an extension beyond the coiled-coil domain in the N-terminal 
that has a heparin-binding motif, in this manner adding additional interacting 
sites. Whereas thrombospondin-4 contains five identical subunits, 
thrombospondin-1 contains only three.1

The three-dimensional structure of the C-terminal domain of 
thrombospondin-1 has been resolved, and its organization has been found 
to be stabilized by a large number of calcium ions.28 Because the C-terminal 
domain of the various thrombospondins shows a great deal of conservation, 
it is likely that its structure is similar in all five members of the family.

Cartilage oligomeric matrix protein has been shown to bind to collagens 
type I and II,1 where each individual C-terminal globular domain provides 
high affinity in the nanomolar range. Four binding sites are evenly distributed 

disturbances are similar to those with a mutated COMP molecule, which is 
of special interest in view of the high-affinity interaction that this protein 
shows with all four NC domains of collagen type IX. Furthermore, early 
lesions of articular cartilage similar to those found in OA develop in mice 
with knockout of collagen type IX.24

MOLECULES REGULATING COLLAGEN FIBER ASSEMBLY
The dimensions and orientation of collagen fibers in tissue vary between 
different layers of articular cartilage. Moreover, fibers in the territorial matrix 
close to cells are thinner and have similar dimensions in different layers of 
cartilage. In contrast, fibers in the interterritorial matrix are thicker and have 
larger and more variable diameters in the deeper layers. This regulation of 
fiber diameter is achieved by a number of macromolecules that bind to 
collagen. The exact role of individual molecules in achieving the final dimen-
sions and direction of the fibers is not clear, although there are a number 
of examples in which inactivation of individual genes of the involved proteins 
leads to altered dimensions of collagen fibrils. It is notable that asporin, 
similar to decorin, inhibits collagen fiber formation and that levels of these 
proteins are selectively very high in superficial parts of the articular cartilage, 
where collagen fibers are thin.25

The extremely long half-life of collagen type II, in excess of 100 years,9,26 
indicates that very little collagen is eliminated over the life of an individual; 
however, at the same time, fibers defective as a result of fatigue have to be 
repaired. It is possible that the very variable dimensions of the fibers in the 
interterritorial matrix result from adding newly synthesized collagen molecules 
at the fiber surface and thus gradually increasing the diameter to provide 
mechanical stability.

A number of molecules bound at the surface of collagen fibers are likely 
to prevent further accretion of collagen. It is plausible that these molecules 
will need to be removed before new collagen molecules can be added to a 
fiber for remodeling or repair.
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lumican up to four, and keratocan only one.38 PRELP, in contrast, contains 
a cluster of basic residues that contribute heparin-binding activity for this 
molecule.39

Collagen binding of fibromodulin has been studied extensively. It has 
been shown that the molecule inhibits fibril formation in vitro. Fibromodulin-
null mice show altered collagen fibril dimensions, particularly apparent in 
the tail tendon. Unexpectedly in view of the inhibitory effects observed in 
vitro, the tendon contains a much larger number of thin fibrils. An explanation 
appears to be a higher abundance of the related lumican molecule, which 
could be shown to bind to the same site on the collagen, albeit with somewhat 
lower affinity. It thus appears that lumican may guide early events in fibril 
formation. The molecule may then be competed away by fibromodulin to 
introduce a different function. Because the mRNA levels and therefore synthesis 
of lumican were lower in null mice, it appears that the higher levels of this 
protein were caused by retarded elimination apparently secondary to lack 
of competition by fibromodulin.1

These findings illustrate that fibril formation takes place in many steps 
involving a set of different molecules with different roles.

Fibromodulin is also present on collagen fiber in tissue, where it is bound 
in the gap region.1 It appears to be bound via its protein core with exposure 
of a keratan sulfate chain, as well as the tyrosine sulfate domain, which then 
become available to interact with PRELP and the NC4 domain of collagen 
type IX located on neighboring fibers. Such interactions are important for 
the stability and properties of the collagen network.

Fibromodulin is a target in joint disease. In a model of articular cartilage 
destruction caused by stimulation with IL-1 in explant culture, we have 
been able to show that fibromodulin is degraded after aggrecan and that the 
molecule is initially cleaved by MMP-13 to release almost the entire N-terminal 
tyrosine sulfate domain while the remainder of the molecule is initially 
retained in the tissue, probably bound to the collagen.41 This loss of the 
anionic domain is likely to alter the properties and interactions of fibromodulin. 
At the same time, MMP-13 can release the entire NC4 domain of collagen 
type IX from cartilage.42 This results in loss of function, with impaired 
noncovalent associations between collagen fibers most likely leading to 
impaired maintenance of structure and function of the cartilage. This may 
represent a central mechanism in the swelling and surface fibrillation observed 
in early OA.

It is of interest to note that the particular fragment retained in the tissue 
is found only in pathologic and not in normal tissue, although there is 
continuous turnover of matrix constituents in response to altered load, 
including removal of damaged components. This normal turnover appears 
to involve different mechanisms of cleavage.

Other leucine-rich repeat proteins
PRELP is distinguished by having a basic, heparin-binding N-terminal 
domain.43 This mediates binding to molecules with heparan sulfate side 
chains, including perlecan and cell-surface syndecan and glypican. Simultane-
ously, the protein binds via its LRR domain to two sites on fibril-forming 
collagen types I and II. Thus, the molecule has the potential to bridge from 
the collagen network back to the cell surface. It consequently has the potential 
to provide feedback to cells on the condition of the matrix. Little is known 
of alterations in PRELP in joint disease. An interesting observation is that 
the isolated heparin-binding domain of PRELP binds to osteoclast precursors 
via cell-surface proteoglycans. The peptide becomes internalized and trans-
locates to the nucleus, where it inhibits nuclear factor-κB (NF-κB), the target 
of receptor activator of NF-κB ligand (RANKL), an important stimulator of 
osteoclast development. The effect of the peptide is thus to inhibit osteoclast 
formation. Indeed, PRELP has been used to prevent the development of 
osteoporosis in ovariectomized mice.44

Chondroadherin is a cell-binding protein that forms its own subclass. 
The protein is further discussed later.

Asporin is a close relative of decorin but differs in having a variably long 
polyaspartate sequence in the N-terminal end. The number of aspartate 
residues varies among individuals.45 It has been demonstrated in studies of 
several cohorts of individuals in Asia that OA is overrepresented in individuals 
with 14 such residues versus those with 13 residues in the asporin N-terminal 
structure.46 In a different study from the United Kingdom, no such pronounced 
relationship could be discerned, thus indicating that other factors are also 
involved.47 One function of the polyaspartate sequence appears to be calcium 
binding, for which there may be a difference between the 13 and 14 aspartate 
variants.48 At the same time, asporin binds to collagen at the same sites that 
decorin does,48 which can facilitate its fixation to collagen fibers in the tissue. 
The molecule may thus have roles in regulating mineralization, which is 
relevant to the development of OA. Asporin, similar to decorin, biglycan, 
and fibromodulin, appears to bind transforming growth factor-β (TGF-β).

There is a set of LRR proteins with only six repeats.1

along the collagen molecule. There is one at each end and two positioned 
along the filament such that the distance is similar between the four binding 
sites. Even though each COMP molecule has five identical binding sites, an 
individual molecule can engage only one binding site on each collagen 
molecule and not span the distance between two such sites. Therefore, each 
COMP molecule has the potential to bind to five different collagen molecules. 
The quarter stagger arrangement of collagen in the fiber and the fact that a 
pentameric microfibril unit appears to exist29 may relate to the four similarly 
spaced collagen binding sites in the molecule. COMP accelerates and provides 
faster collagen fibril formation in vitro. It appears that this effect is mediated 
by the COMP molecule bringing together several collagen molecules to 
facilitate their interactions in the forming fiber. The COMP molecule does 
not remain bound directly to the surface of the forming fiber. The molecule 
thus appears to function as a catalyst to enhance fibril formation.

In the cartilage of growing individuals and notably in growth plates, 
COMP is primarily localized close to the cells in the territorial matrix, where 
it may have a role in stimulating collagen fibril formation.30

Cartilage oligomeric matrix protein has the ability to interact with all 
four NC domains of collagen type IX with similar high affinity in the nanomolar 
range. The interaction is mediated via the C-terminal globular domains (see 
Fig. 2.2).

In adults, COMP is localized primarily in the interterritorial matrix and 
may be bound to collagen type IX or one of the matrilins, which in turn 
bind to the surface of the collagen fiber (see Fig. 2.2). The role of COMP 
in adult cartilage appears to be stabilization of the collagen fiber network.

Mutations in the calcium-binding domain of COMP, as well as in the 
C-terminal domain, have been shown to lead to severe growth disturbances 
in the form of pseudoachondroplasia or multiple epiphyseal dysplasia. A 
feature of these conditions is that material retained in the endoplasmic 
reticulum of chondrocytes contains both COMP and collagen type IX.31

On the other hand, the COMP-null mouse shows no detectable alteration 
in phenotype.32 It is possible that other molecules compensate for the lack 
of COMP function in such mice.

Cartilage oligomeric matrix protein is significantly upregulated in early 
stages of OA, even long before diagnosis, in an apparent attempt at repair. 
At the same time, the protein already deposited is cleaved and released from 
the tissue. Indeed, assay for such fragments released into body fluids has 
been used to measure altered cartilage metabolism as a biomarker for arthritic 
disease.33

Decorin
Decorin was the first molecule in the leucine-rich repeat (LRR) protein 
family to be cloned and sequenced. This family of molecules in the ECM 
contains four subclasses with a total of 12 members, all of which appear to 
share the function of binding to collagen (see Fig. e2.2).1

One functional domain of these molecules is a central LRR region, where 
residues, particularly leucine, are found at conserved locations in each repeat 
of some 25 amino acids, albeit somewhat variably long. Most of these molecules 
have 10 to 11 such repeats, and the entire domain contains a disulfide loop 
structure at each end. One subgroup contains molecules with only six repeats.

For further details on decorin, see ExpertConsult.com.
Decorin binds tightly to the fibril-forming collagens with a KD in the 

nanomolar range. Binding is close to the C-terminus of the collagen as shown 
for collagen type I. Binding occurs via the LRR region and particularly involves 
repeats 4 and 5.1 The critical sequence has been identified as SYIRIADTNIT.36

Via its binding to collagen, decorin inhibits the formation of collagen 
fibers in vitro in a dose-dependent manner. Accordingly, mice lacking decorin 
as a result of knockout technology have irregular collagen fibers with increased 
diameter, particularly prominent in skin.37 They do not show increased early 
joint pathology, thus indicating that other molecules may compensate for 
the lack of decorin in articular cartilage.

Decorin is bound to collagen fibers in tissue, with the glycosaminoglycan 
chains being free to interact with other molecules. Thus, decorin can cross-
bridge to neighboring collagen fibers, as well as to other molecules in the 
local environment (see Fig. 2.2).

Fibromodulin and lumican
Fibromodulin and lumican belong to the same subclass of LRR proteins but 
with a gene arrangement distinct from that of decorin. Other members of 
this subgroup are keratocan, osteoadherin, and PRELP. All these molecules 
except PRELP contain tyrosine sulfate residues in the N-terminal extension. 
Notably, the number of such sulfate residues is variable both with regard to 
the relative proportion of candidate tyrosine residues that are sulfated within 
a given molecule and with regard to the number of such tyrosine residues 
that may carry a sulfate. One extreme is represented by fibromodulin, which 
contains up to nine sulfate residues; osteoadherin contains up to eight, 

http://expertconsult.com/
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The presence of the proteoglycan as a monomer or a dimer has specific 
relevance for interactions and functions. Thus, a monomeric molecule has 
only one of each interacting site, but a dimer may exhibit two of each binding 
site.

Based on the x-ray crystallographic data presented, the LRR family of 
molecules forms a curved structure in which two molecules form a dimer 
in the crystals that overlap in opposite directions in about 50% of their 
length such that the N-terminus of one molecule is located in the middle 
of the curved domain of the other. Support for such a dimeric structure was 
obtained by other techniques such as gel filtration with online dynamic light 
scattering.34 Electron microscopy indicates that decorin and biglycan, as well 
as chondroadherin, may also exist in a monomeric form at very low concentra-
tions (Mörgelin and Heinegård, unpublished work).

The three-dimensional structures of decorin34 and biglycan35 have been 
resolved by x-ray crystallography. These molecules contain one (decorin) 
or two (biglycan) glycosaminoglycan chains bound at the N-terminal extension. 
These chains are chondroitin sulfate or dermatan sulfate, depending on the 
tissue, though very similar between the molecules in a given tissue. In 
articular cartilage, the chain is a low-epimerized dermatan sulfate in which 
a few of the glucuronic acid residues have been epimerized to iduronic acid, 
thereby increasing its structural variability. This glycosaminoglycan has the 
capability of specific interactions with other molecules in the matrix, including 
binding other dermatan sulfate chains.1

One variable of almost all the molecules in the family is an N-terminal 
extension of generally less than 20 amino acids, which may contain a variety 
of substituents (see Fig. e2.2). Some of the molecules also have a C-terminal 
extension. There is also variation in glycosylation of the repeat domain, 
which usually contains a few N-linked oligosaccharides. In some of the small 
LRR proteins, such as fibromodulin and lumican, some of the oligosaccharides 
may contain a variably long array of 6-O-sulfated lactosamine repeat disac-
charides (see Fig. 2.3) extended to form the glycosaminoglycan keratan 
sulfate.

All the molecules in this family appear to bind to collagen via their LRR 
domain with dissociation constants ranging from 1 to 10 nM.1 Only in a 
few cases has it been established exactly where along the collagen that the 
LRR protein binds.

The function of the domain with clustered tyrosine sulfate residues is 
becoming clearer. The domains in fibromodulin and osteoadherin mimic 
heparin in many interactions and bind growth factors (e.g., fibroblast growth 
factor-2 [FGF-2]), cytokines (e.g., oncostatin M and IL-10), MMPs (e.g., 
MMP-13 for fibromodulin), and a number of matrix proteins via their heparin-
binding domains (e.g., PRELP and chondroadherin).40 Thus, the fibromodulin 
on a collagen fiber appears to extend its tyrosine sulfate domain, which can 
bind to molecules with cationic domains. One such charged structure is the 
NC4 domain of collagen type IX, which has been shown to interact with 
the anionic N-terminal extension of fibromodulin,40 as schematically outlined 
in Fig. 2.2.

Such proteins include epiphycan, mimecan, and opticin. They all contain 
N-terminal extensions carrying glycosaminoglycan chains (epiphycan), tyrosine 
sulfate residues (mimecan), or O-glycosidically linked oligosaccharides 
(opticin) (see Fig. e2.2). Mimecan has also been named osteoglycin. There 
is limited knowledge on alterations of these proteins in joint disease. They 
do show interesting differences between different types of cartilage. Mimecan 
is present in articular cartilage, menisci, and intervertebral disks but virtually 
absent in nasal and tracheal cartilage, but epiphycan is prominent in the 
latter cartilage and absent from the others. Opticin is particularly prominent 
in connective tissues other than those of joints.

+++ +++++
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STRUCTURAL FEATURES OF THE ECM LRR PROTEINS
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FIG. E2.2 Note the variability in the N-terminal domain 
between molecules, which shows negatively charged 
groups of different character (glycosaminoglycan, 
tyrosine sulfate, polyaspartate, or a cluster of basic 
amino acids). The C-terminal extensions of two 
members have distinct features. The dimeric form 
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crystallography is illustrated schematically. CHAD, 
Chondroadherin; CS, chondroitin sulfate; ECM, 
extracellular matrix; LRR, leucine-rich repeat; OSAD, 
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in the early bone anlagen. Its role in cartilage is becoming clearer, and data 
indicate roles in collagen network function and integrin binding (for references, 
see Klatt and colleagues55). Its two vWFA homology domains (only one in 
matrilin-3) may mediate the ability of the protein to bind to collagen. Matrilin-1 
was initially isolated because of its apparent ability to bind to aggrecan.

Mutations in matrilin-3 can induce multiple epiphyseal dysplasia or 
pseudoachondroplasia with skeletal malformations, similar to those caused 
by mutations in the interacting partners of the proteins, such as collagen 
IX.56

Matrilin-1 can be isolated from cartilage as a mixed polymer that contains 
subunits of matrilin-1, as well as matrilin-3. The functional significance of 
this heterocomplex is not understood.57

A module cross-linking to other matrix constituents
Decorin and biglycan appear to also have roles in the completed network. 
Collagen type VI isolated from chondrosarcoma cartilage–like tissue contains 
biglycan or decorin bound at the N-terminal globules. The proteoglycan in 
turn has a bound member of matrilin-1, -2, or -3. This interaction is tight 
with a dissociation constant on the order of nanomolar. The matrilin, in 
turn, binds to a procollagen type II molecule or a completed collagen fiber. 
Alternatively, matrilin can bind to an aggrecan molecule (see Fig. 2.2).54 
Thus, collagen type VI seems to be a center in a scaffold that binds to the 
other major networks in the matrix. Collagen type VI is found only in the 
territorial matrix closer to cells and is absent from the interterritorial matrix 
at some distance from the cells. Information on alterations in collagen type 
VI in joint disease is limited, but it is important to note that the protein is 
found to be particularly enriched in tissue subjected to load.

MOLECULES INTERACTING AT THE  
CELL SURFACE AND MODULATING 
CHONDROCYTE BEHAVIOR
It is important to realize that chondrocytes have the ability to both degrade 
the matrix and replenish lost molecules with new constituents in a process 
of remodeling the tissue in response to material fatigue or to altered load. 
The cells are guided in this endeavor by receptors at their surface that 
recognize specific molecules in the matrix (see Fig. 2.2). Binding elicits 
specific signals that will either induce cellular spreading and migration by 
engaging the cytoskeleton or lead to alterations in transcription and protein 
synthesis. Other stimuli that affect cells include mechanical forces, which 
provide signals that crosstalk with those from other interactions at the cell 
surface. Indeed, some data indicate that some of the signals elicited by 
mechanical load involve integrins.58

INTEGRIN BINDING PROTEINS
The integrins contain an α chain noncovalently bound to a β chain. The 
cells in connective tissues contain either a β1 or a β3 chain in conjunction 
with one of many α chains. The various integrins have different preferred 
ECM ligand proteins.59 As an example of the organization of integrins, members 
of one such family with four members bind to collagens. They contain a β1 
chain in combination with an α1, α2, α10, or α11 chain. These various integrins 
have different tissue distributions such that the one with α10 appears to be 
unique to cartilage, but the others have more ubiquitous distributions. Their 
binding to collagen may elicit different responses and result primarily in 
either altered production of enzymes degrading the matrix or production of 
building blocks such as collagen molecules.

A number of factors limit our ability to discern which integrins are present 
on chondrocytes in tissue. One factor is limited accessibility by the antibodies 
used, and another is changes in the presence of integrin during the long 
procedure for cell isolation. Thus, the current information on the presence 
of integrins at the cell surface is variable. It is likely that a number of integrins 
change their expression on chondrocytes in normal and in pathologic tissue 
in response to environmental factors.

Many of the molecules binding to integrins are not unique for cartilage. 
The collagen-binding integrins do not appear to be specific for a particular 
fibril-forming molecule. One exception is chondroadherin. This protein 
appears to be restricted to cartilage and can bind α2β1 integrin but not other 
integrins containing the same β chain.

Chondroadherin
Chondroadherin is a member of the LRR protein family that is in its own 
subclass. This protein differs from other LRR family members in that the 
C-terminal cysteine loop is double, and the protein has a short C-terminal 
extension of basic amino acids. The protein has no N-terminal extension. 

Heparin and heparan sulfate
A glycosaminoglycan not prominent in cartilage is heparan sulfate, which 
has structural features overlapping those of heparin. Heparan sulfate is found 
as side chains of extracellular perlecan (discussed later), which has a very 
large protein core with several domains interacting with a number of other 
proteins in the ECM. The proteoglycan contains an N-terminal domain with 
some three glycosaminoglycan chains and a C-terminal domain with up to 
two chains. These chains may be heparan sulfate or chondroitin sulfate 
(discussed later).

Heparan sulfate contains two types of disaccharide repeats consisting of 
either a glucuronic acid and an N-acetylglucosamine or an iduronic acid 
and an N-acetylglucosamine. The hexosamine carries an O-sulfate group, 
and some of the residues have an additional N-sulfate instead of the N-acetyl 
group. Also, the uronic acid may be sulfated, usually in its 2 position. Thus, 
there is extensive variability in the building blocks, which are then assembled 
in variably long stretches with different repeat stretches of low- and high-
sulfated residues.

Other heparan sulfate–containing proteoglycans are found at the cell 
surface of the chondrocyte. These include four different syndecans,49 which 
contain a domain intercalated in the cell membrane, and some six glypicans, 
which are joined via a glycosylphosphoinositide linkage.50 The syndecans 
contain an intracellular signaling domain, and as discussed later, they are 
involved in a number of cell reactions, and bound molecules can induce 
signal transduction.

FIBERS AND NETWORKS WITH COLLAGEN TYPE VI AS THE 
MAIN CONSTITUENT
There is a different fibrillar network in cartilage with a more restricted distribu-
tion in tissue. It has collagen type VI as a major constituent and is primarily 
present in the territorial matrix surrounding the cells (see Fig. 2.1).

Collagen type VI
Collagen type VI has a distinctive network of beaded filaments. This molecule 
contains three different α chains with a central triple-helical domain flanked 
by globular domains. The N-terminal portion, particularly the α3(VI) chain, 
contains nine von Willebrand factor A (vWFA)-like repeats. In addition, the 
C-terminal portions of all three chains contain two vWFA repeats, as well 
as other motifs with less clear functions. The vWFA domain is found in 
many proteins, where it is involved in protein–protein interactions.51

While still within the cell, two collagen type VI molecules associate in 
an antiparallel fashion such that the dimer is flanked by the N-terminal 
domains, and the two C-terminal domains are placed so that they form two 
interior globular structures along the filament formed by the two triple 
helices. Two such dimers associate laterally to form a tetramer, with the 
globular domains at each end representing a pair of the vWFA-rich globules. 
Internally in the triple-helical central filament are found the two globular 
structures representing the C-terminals.51 The tetramer is secreted from the 
cell, and its N-terminal structures lay the ground for further associations 
with fibrils involving both end-to-end and side-to-side interactions. This 
assembly process appears to be governed by other molecules, particularly 
members of the LRR protein family.

Biglycan and decorin
Biglycan and decorin both bind with high affinity to the collagen type VI 
N-terminal domain, independently of their glycosaminoglycan side chains. 
This binding is a prerequisite for formation of the collagen type VI beaded 
filament network in vitro. Regulation of collagen type VI assembly also 
depends on the presence of the chondroitin–dermatan sulfate side chains, 
where the two present in biglycan provide more efficient filament formation 
than the single chain in decorin does. The two closely related proteoglycans 
appear to bind to the same site, which interestingly does not seem to involve 
the triple-helical domain in this collagen.52-54

Matrilins
Cartilage matrix protein (CMP, matrilin-1) was the first of the four matrilins 
identified. These proteins (for references, see Klatt and colleagues55) contain 
vWFA domains. Matrilin-1 has two such domains in each of the three identical 
subunits with a molecular mass of around 50,000 Da; matrilin-3, with four 
subunits, has only one such domain.

Matrilin-1 and matrilin-3 are quite restricted to cartilage and show similar 
distribution between different tissues; the others have a more general distribu-
tion. Interestingly, matrilin-1 is even further restricted and not found in 
articular cartilage and intervertebral disks, but it is particularly prominent 
in tracheal cartilage. The protein is present in the more immature cartilage 
of the femoral head during earlier phases of development and can be seen 
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CILP, and PRELP.1 As discussed earlier, isolated heparin-binding domain 
fragments can have variable effects on, for example, cells, depending on 
their fine structure. Effects range from inducing cartilage breakdown in vitro 
and in vivo to decreasing bone breakdown by targeting osteoclast 
precursors.

Interestingly, as discussed earlier, the N-terminal tyrosine sulfate domain 
of fibromodulin can mimic heparin in many interactions and bind other 
proteins to crossbridge networks, as well as sequester growth factors.

OTHER MOLECULAR FUNCTIONS
In joint disease, inflammation is a frequent component causing pain and 
limiting function. The inflammation is usually chronic, and one issue is 
whether components from cartilage can propagate the inflammatory activity. 
It is a long-standing observation that when cartilage is removed in joint 
arthroplasty, the inflammation recedes, thus indicating that factors released 
from the tissue have a role in propagating inflammation.

It has been shown that some patients with RA have circulating antibodies 
to collagen type II. Furthermore, an arthritis condition can be elicited by 
injecting mice and rats with collagen type II (collagen-induced arthritis). 
The disease can be transferred by antibodies to specific collagen type II 
epitopes.70 It is hence possible that antibody binding activates complement 
and inflammation.

More recent findings indicate that matrix proteins may activate innate 
immunity. Fibromodulin has been shown to be as active as immune complexes71 
in activating the classical pathway of complement, although it does not bind 
to the same site. Fibromodulin binds to the head domains of C1q rather 
than to the triple-helical stalk region with ensuing deposition and activation 
of C4 and C3.

Interestingly, fibromodulin can also recruit factor H by binding to a different 
site than that for C1q and thereby inhibit further activation of the complement 
cascade. Whether different fragments released in disease will have different 
roles in complement activation remains to be shown.

In other experiments, it has been demonstrated that biglycan can also 
bind the triple-helical stalk of the complement factor C1q and in doing so  
inhibit activation of the classical pathway of complement. It appears that 
other LRR proteins such as biglycan and decorin can also bind factors involved 
in regulating the complement cascade. One example is a tight interaction 
with C4BP having a role in regulating complement activity.72

Cartilage oligomeric matrix protein is a potent activator of the alternative 
pathway via its C-terminal globular domain. Interestingly, this activity can 
be observed in synovial fluid from subjects with both OA and RA, as well 
as in blood in the form of COMP-C3b complexes created between the activator 
COMP and the C3b fragment formed.73

BINDING AND SEQUESTERING GROWTH FACTORS IN THE 
EXTRACELLULAR MATRIX
The ECM of cartilage contains a number of factors that are sequestered and 
thereby bind to specific interaction partners. On degradation of the matrix, 
one can predict that these factors are released and affect cellular activities. 
In particular, a number of growth factors have been found to have the 
capacity to bind to matrix proteins.

Transforming growth factor-β
Transforming growth factor-β has been shown to bind to a number of matrix 
proteins, and binding to some members of the LRR protein family has been 
investigated in particular. All three TGF-β variants bind to bacterially expressed 
decorin, biglycan, and fibromodulin, as well as to these proteins with the 
full range of posttranslational modifications. More recently, there are indications 
that asporin can also bind TGF-β. It has been demonstrated that active 
TGF-β is released from decorin on treatment with MMP-3. Indeed, cartilage 
contains substantial amounts of TGF-β, which has been extracted and purified 
from the tissue.

Fibroblast growth factor
Some matrix proteins contain heparan sulfate side chains, which are likely 
to bind growth factors within the FGF family. In the case of syndecan at the 
cell surface, these side chains appear to be involved in presenting the growth 
factor to its receptor.74

OTHER MOLECULES IN THE EXTRACELLULAR MATRIX
Perlecan was found to have a central role in cartilage development when a 
mouse with the gene inactivated was developed. Most of these mice die 
during early development as a result of problems with the heart and major 

Chondroadherin specifically binds to cell-surface α2β1 integrin1,60 via a sequence 
in one of its C-terminal disulfide loops. Interestingly, integrin binding elicits 
signals that do not induce cell spreading. The very C-terminal short extension 
peptide of chondroadherin contains a different cell-binding sequence that 
engages the heparan sulfate chains of cell-surface proteoglycans, notably 
syndecans.61 Binding leads to cell spreading, as well as enhanced integrin 
activity. The combined engagement of integrins and heparan sulfate leads 
to cells forming focal adhesion complexes.

Chondroadherin is present in articular cartilage but virtually absent from 
menisci. The protein is particularly enriched during growth in the prehy-
pertrophic zone of the growth plate where cell multiplication is slowed, in 
line with its in vitro effects on cell behavior. Interestingly, the protein appears 
to be lost early in the process of joint damage in OA (unpublished 
observations).

Fibronectin
Fibronectin62 is present in most tissues and can actually form its own fibrils, 
which appear to have roles in guiding matrix assembly and cell migration. 
The protein contains two identical subunits held together by disulfide bonds 
close to their C-terminal end.

Fibronectin contains a collagen-binding domain with preference for 
denatured collagen (gelatin). There are integrin-binding domains in which 
the RGD (arginine–glycine–aspartic acid) sequence represents the classic 
motif of integrin binding. This motif in fibronectin preferentially binds α5β1 
integrin, although αVβ3 integrin can also interact. Fibronectin also has other 
integrin-binding domains.63

Another motif is represented by the two heparin-binding domains on 
each subunit, each some 20 kDa. These domains can interact with heparan 
sulfate proteoglycans at the cell surface, including syndecan, which also 
represent signaling molecules.64

Although the details are not known, fragments of fibronectin (e.g., those 
containing either of the heparin-binding domains), when added to cartilage 
in explant culture, as well as injected into the joint, will stimulate chondrocytes 
to produce proteases and induce cartilage breakdown.65,66 In contrast, the 
intact fibronectin molecule will not have such effects on cells. It is possible 
that fragmentation of fibronectin is one mechanism for propagating joint 
destruction in disease. The active fragments have not yet been identified in 
body fluids.

Fibronectin is already upregulated in articular cartilage at very early stages 
of OA in many species, including humans.13 The functional consequences 
of this upregulation are not known but may represent part of an attempt at 
repair. A result is further availability of fibronectin, which may be fragmented 
to further increase tissue degradation.

COLLAGEN AND THE DISCOIDIN DOMAIN  
2–CONTAINING RECEPTOR
Collagen has an additional cell receptor for discoidin domain receptor 2 
(DDR-2). This receptor has been shown to be upregulated in mice in which 
OA is developing. DDR-2 will bind collagen type II, thereby inducing 
upregulation of MMP-13 production.67 Exposure of collagen type II may be 
enhanced by removal of proteins bound at the fibrillar surface, thus making 
the molecule available for interactions.

HYALURONAN
Hyaluronan is an extremely long glycosaminoglycan chain that is distinct 
from all the others in that it is not bound to a protein core. It does not 
contain any sulfate groups. The backbone is made up of one to several 
thousand repeating disaccharides of glucuronic acid and N-acetylglucosamine. 
As discussed earlier, hyaluronan specifically binds to a domain in aggrecan 
that is essential for the formation of aggregates.

Hyaluronan also interacts with specific cell-surface receptors. These 
receptors are CD44 molecules68 that interact with a minimally long hexasac-
charide sequence of the polymer. The interactions with hyaluronan are 
important for organizing the pericellular environment and providing signals 
to the cell. CD44 occurs in many different splice forms with variable presence 
on different cells, but a role for such variability in joint disease in unclear. 
Another receptor for hyaluronan is RHAMM,69 also a signaling receptor and, 
similar to CD44, it is present on a variety of cells.

LIGANDS FOR HEPARAN SULFATE/SYNDECANS
In addition to the heparin-binding domains present in fibronectin, various 
other matrix proteins contain such domains. Examples are most members 
of the thrombospondin family, with the exception of COMP, many MMPs, 
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temperature have the highest level of chondrocyte viability. A study of 60 
patients with femoral condylar allografts showed 95% graft survival rate at 
5 years and 85% at 10 years.87

MICROFRACTURE AND AUTOLOGOUS CHONDROCYTE 
IMPLANTATION
This has become a substantial research area in the field of cartilage repair. 
Two surgical techniques are used, microfracture (MF) of the subchondral 
bone to recruit bone marrow mesenchymal stem cells to populate the cartilage 
defect and a related technique, autologous chondrocyte implantation (ACI), 
a two-part procedure in which chondrocytes are isolated from intact non-
weight-bearing regions of the joint, expanded and dedifferentiated in the 
laboratory and redifferentiated and reimplanted into the osteochondral defect 
in the weight-bearing region.88,89 The MF technique is considered the first-line 
treatment given its minimally invasive nature, technical ease, limited surgical 
morbidity, and relatively low costs.90 In a study with 7-year follow-up, 80% 
of patients rated themselves as improved with patients younger than 35 
years showing the most improvement.91 Biopsies after MF have noted that 
approximately 10% had hyaline cartilage, with the majority having predomi-
nantly fibrocartilage.92 In general, patients demonstrated clear improvement 
in knee function at 24 months after MF but inconclusive durability and 
treatment failure beyond 5 years.

Autologous matrix–induced chondrogenesis combines MF surgery with 
the application of a bilayer collagen membrane that physically stabilized the 
clot and may guide and enhance marrow-derived repair. In a study using a 
BST-CarGel (Piramal Like Sciences, Bio-Orthopaedic Division), treatment 
with MF resulted in greater lesion filling and superior repair tissue quality 
compared with MF treatment alone; however, clinical symptoms were 
equivalent between groups.93

Autologous chondrocyte implantation is approved for use in the United 
States and is most useful for younger patients who have single defects 
larger than 2 cm. Disadvantages include the need for two-stage procedures 
and an open arthrotomy, expense, and a significant rate of reoperation 
for graft hypertrophy, specifically with first-generation ACI treatments. 
Second- (porcine membrane) and third-generation (matrix-associated) ACI 
treatments show promise but are not approved in the United States at this 
time. In a series of more than 200 patients treated with ACI for larger 
lesions, ACI provided durable outcomes with a survivorship of 71% at 
10 years and improved function in 75% of patients.94 Magnetic resonance 
imaging findings confirmed complete defect filling in half of patients at final  
follow-up.

STEM CELLS
The limited expansion capacity of de-differentiated chondrocytes and their 
increasing inefficiency at redifferentiation during extended culture has led 
to the use of mesenchymal stem cells (MSCs) for autologous cartilage repair 
of larger defects.95 MSCs are found in numerous human tissues, including 
bone marrow, adipose tissue, articular cartilage, and synovial membrane.96 
Cell-based therapy is becoming an established element of modern health 
care and is predicted to grow as knowledge and implementation of cell 
biology, biomaterials, and regenerative medicine increases. MSCs are defined 
as adherent self-renewing, fibroblastoid-like cells that can differentiate into 
osteoblasts, adipocytes, and chondrocytes in vitro.97 These characteristics 
are present in the MSCs derived from the bone marrow, adipose tissue, and 
synovial joint tissues. These cells can be differentiated in vitro to chondrocytes 
and used as chondrocytes or can be injected into the joint, where they may 
differentiate into chondrocytes or, more likely, provide factors and immune 
inhibitors that facilitate joint repair.98 Bone marrow MSCs were found to be 
at least as effective as chondrocytes for articular cartilage repair in improving 
symptoms of patients. However, chondrogenically induced bone marrow 
MSCs hold the inherent risk of either forming transient fibrocartilaginous 
repair tissue or undergoing terminal differentiation to form calcified cartilage, 
subchondral bone overgrowth, or intralesional osteophyte formation.99 Thus 
alternatives to bone marrow MSCs are sought.

Adipose-derived MSCs, now called adipose-derived stem cells (ASCs), 
offer the advantage that they are abundant in adipose tissue or liposuction 
samples.100 Two recent reviews summarize efforts to fabricate or regenerate 
articular cartilage using scaffolds and growth factors with ASCs.101 Cells 
from the synovium, synovial fluid, periosteum, the infrapatellar fat pad, 
trabecular bone, and muscle have also been used to differentiate chondrocytes, 
but no definitive positive regeneration has been documented. There is the 
possibility of recruiting these native cells from the tissues to the cartilage 
defect, but this has not yet been productive. The area of cell-based strategies 
for cartilage repair is thus under intensive study. However, the field has not 

blood vessels, but those that survive until birth show major growth distur-
bances with an extensively altered growth plate lacking a large proportion 
of the collagen fibers.75 Further studies have revealed that chondroitin sulfate 
side chains specific for perlecan can actually accelerate and catalyze collagen 
fiber formation.76

GP-39 is a protein upregulated in OA. It shares homology with a chitinase, 
but the true activity of the protein is not known.77 GP-39 is additionally 
expressed in a number of other tissues, particularly in disease.

Cartilage matrix also contains a number of proteins that are made elsewhere 
and are normally found primarily in the circulation. There is a preference 
for certain proteins, and low-molecular-weight basic proteins (e.g., lysozyme) 
in particular appear to bind to the matrix.78 Whether these molecules contribute 
specific functions is not known.

FRAGMENTS OF MATRIX PROTEINS RELEASED 
DURING CARTILAGE BREAKDOWN AS 
MOLECULAR INDICATORS OF DISEASE
In processes resulting in destruction of cartilage tissue, proteolytic enzymes 
degrade ECM proteins. Some of the fragments formed will no longer be 
retained in the tissue but are released to surrounding body fluids. By using 
sensitive immunoassays, such fragments can be quantified in synovial fluid 
or serum. This so-called molecular marker technology (biomarkers) is intended 
to provide new means of assaying ongoing active processes in articular 
cartilage. With further development, such techniques may be used in diagnosis, 
for estimation of the activity of the tissue-destroying process, to document 
effects of therapeutic intervention, and, most importantly, to discover processes 
during the early stage before clinical symptoms become apparent. One example 
is the demonstration that COMP can be used to identify patients who will 
have the most extensive joint destruction in both OA and RA.33,79 Also, a 
number of collagen fragments created by cleavage with collagenases, as well 
as by subsequent gelatinase activity, have been used to monitor disease.80,81 
With further development of the technology, we hope to be able to identify 
indicators specific to a particular pathologic process in a given tissue. Thus, 
it should be possible to identify the activity of a process in the meniscus on 
the one hand and activity in cartilage on the other.

As discussed earlier, some of the fragments released will activate immune 
responses with the potential to further enhance disease activity.

REPAIR AND REGENERATION OF CARTILAGE
Cartilage ECM molecules have extremely long half-lives, and the cells of 
cartilage are not renewed. In addition, it is difficult to imagine how newly 
synthesized molecules would fully and functionally integrate into the 
cartilage matrix. However, anecdotally, it is believed that some individuals 
can repair cartilage to a limited extent, and there are animal models that 
demonstrate genetic differences in the ability to repair cartilage.82 Although 
the genetic differences are not known for sure, some growth factors involved 
in development of cartilage appear to play a role, such as the Wnt family, or  
TGF-β.

When cartilage is damaged, a number of repair strategies have been 
developed, including (1) replacing bad cartilage with good cartilage from 
the same joint, (2) using patient chondrocytes to make new ECM, (3) 
attempting to recruit or implant patient stem cells, and (4) other strategies 
that attempt to replace the cartilage matrix with an artificial matrix. We will 
briefly review recent advances in these technologies.

REPLACING CARTILAGE
Intact cartilage from the same joint is used to replace damaged cartilage in 
surgical techniques including mosaicplasty or surgery using morcellized 
cartilage. The primary surgical technique is called osteochondral autologous 
transplantation (OAT) mosaicplasty.83 This technique involves an open or 
arthroscopic transplantation of multiple cylindrical osteochondral grafts 
from the relatively less weight-bearing periphery of the articular surface to 
the cartilage defect, thus providing a hyaline cartilage–covered resurfacing.84 
OAT mosaicplasty has demonstrated acceptable long-term clinical outcomes, 
given the appropriate indication for surgery, with a limitation being the 
defect size.85

In another surgical technique, osteochondral allograft transplantation is 
also used. If the cartilage defect is too large for an autograft or a patient has 
failed a cartilage repair procedure, then a fresh osteochondral allograft (OCA) 
is a single-stage technique for large osteochondral defects, particularly in a 
setting of extensive subchondral bone loss.86 Chondrocyte viability seems 
to be very important in this technique, and fresh OCAs stored at physiologic 
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TISSUE-ENGINEERED CARTILAGE
A variety of combinations of MSCs with various scaffolds using biomaterials 
approaches, bioreactors, and combinations of cartilage- and bone-inducing 

materials have been developed. For a review, please see Boushell  
et al.103
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growth, the primary spongiosa is composed mostly of disorganized woven 
bone, or primary lamellar bone surrounding a core of calcified cartilage. It 
is separated from the remodeled, more highly oriented secondary spongiosa 
by an arbitrary boundary. The secondary spongiosa reflects patterns of stress 
and functions largely to funnel stresses to the stronger and more massive 
cortical bone. In regions beneath joint surfaces, it also attenuates forces 
generated by mechanical loading and may protect the joint surface from 
loading-related trauma. The cancellous bone itself is composed of plates and 
rods of bone, each about 200 µm thick, with a porosity of about 75% to 
85%. The marrow in the spaces between the trabecular struts are regions in 
which red blood cells are formed (red marrow). In osteoporosis, the differentia-
tion of cells in the bone lineage can be partly diverted to adipocytes, and 
the marrow becomes more fatty (yellow marrow). Because cancellous bone 
has a large surface area in contact with vascular marrow, it is ideal for the 
long-term exchange of calcium ions. In osteopenia, regions of cancellous 
bone are affected first. This is why the vertebral column, which is mainly 
composed of cancellous bone, is affected earlier and more severely in 
osteoporosis than even the femoral neck and hip.

MICROSCOPIC (TISSUE) LEVEL
At the microstructural level, bone is organized differently for different functions 
(Fig. 3.2). In humans, bone tissue can be divided into three broad categories 
based partly on the arrangement of the collagen fibers and partly on whether 
it has replaced preexisting bone: (1) woven bone, (2) primary bone, and (3) 
secondary bone.

Woven bone is characterized by randomly oriented collagen fibers, which 
tend to be smaller in diameter than those in more highly organized primary 
or secondary bone. Woven bone is not lamellar, is very porous and may 
become highly mineralized. Woven bone can be deposited de novo without 
any bony or cartilaginous substrate or anlage, but it can also be formed as 
part of the process of endochondral ossification, either at the growth plate 
during development or during fracture repair. Woven bone proliferates rapidly 
because it has a large cell-volume ratio, which makes its role in fracture 
repair ideal. It is often found associated with osteosarcoma, probably because 
of proliferation especially of the cellular periosteum. The function of woven 
bone is primarily mechanical, rapidly providing both temporary strength 
and scaffolding upon which lamellar bone may be deposited. However, it 
can also be associated with pathologic processes that involve inflammatory 
cytokines.

Primary bone must be deposited on a preexisting substrate and is organized 
into lamellar layers. Because of this, trabecular plates, which are composed 
mainly of primary lamellae, cannot be replaced after they are perforated. 
This accounts for the loss of trabeculae with age and is part of the reason 
that it is difficult to reverse osteoporotic changes after trabecular connectivity 
has been lost. Primary lamellar bone also forms in rings around the endocortical 
and periosteal surfaces of whole bone (circumferential lamellae). Primary 
lamellar bone itself is not very vascular and can become very dense. Primary 
bone can also be arranged in concentric rings around a central canal—much 
like a secondary haversian system, except without a definable cement line. 
These primary osteons tend to be small with few concentric lamellae. In 
reality, primary osteons are modified vascular channels that have “filled in” 
by the addition of lamellae to the surface of the vascular space.

Secondary bone is the product of the resorption of preexisting bone and 
its replacement with new bone. This can occur within dense cortical bone 
(resulting in a secondary osteon, or haversian system) or begin on the surfaces 
of trabeculae (sometimes called a hemi-osteon). The distinction between 
primary and secondary bone is important because it is likely that control of 
primary bone apposition is different from replacement of preexisting bone 
by secondary bone. A secondary haversian system has a central vascular 
canal 50 to 90 µm in diameter. The blood vessels in the canal have the 
characteristics of capillaries and are generally paired within the canal. Venous 
sinusoids and lymphatic vessels are not found in haversian canals, although 
it has been suggested that prelymphatic vessels may exist.1 The vessel walls 

INTRODUCTION
Bone is a complex natural composite material that undergoes millions of 
loading cycles during a lifetime without failure. Its structure is hierarchical, 
being organized differently at the organ (whole bone), tissue (material), and 
molecular (collagen–mineral) levels.

The mechanical functions of bone are the most widely recognized and 
are often described in terms of strength and stiffness. Although strength and 
stiffness are important, bone is particularly effective at dissipating energy 
that could cause a fracture over repeated cycles of loading. Beyond its 
mechanical function, the marrow cavity and the porous trabecular bone in 
the ends of long bones and in the vertebrae and iliac crest are regions in 
which red blood cells are formed and stored. Bone is in fact a primary 
blood-storing organ. Additionally, bone is the body’s primary storehouse of 
calcium and phosphorus; 99% of the body’s calcium is stored in bone. These 
minerals are necessary for the proper function of a variety of systems in the 
body and are essential for enzyme reactions, blood clotting, the proper function 
of contractile proteins in muscles, and the transmission of nerve impulses.

ORGANIZATION OF BONE

MACROSCOPIC (ORGAN) LEVEL
Bone at the organ level consists of the diaphysis (shaft), the metaphysis, and 
the epiphysis (Fig. 3.1). In the long bones of growing children, the growth 
plate separates the epiphysis from the metaphysis. The primary component 
of the diaphysis is cortical or compact bone. The haversian canals in cortical 
bone create a porosity of about 3% to 5%, although this increases in older 
age and with osteoporotic changes to the skeleton. Compact bone is also 
found surrounding the spongy bone of the vertebral body and in the skull. 
It is very strong and provides both support and protection.

Cancellous (trabecular or spongy) bone is found in the metaphyses of 
the long bones and in the vertebrae, surrounded by cortical bone. During 

Key Points
■ Bone is organized differently and for different functions at the organ, tissue, and 

molecular levels.

■ Noncollagenous proteins function as structural support in the bone matrix and 
regulate mineral deposition, crystal growth, and cell attachment.

■ Bone mineralization is effected through hormonal action (fibroblast growth factor 23 
[FGF-23]) as well as through the bioactivity of intracellular and secreted matrix 
proteins with emerging roles (dentin matrix protein-1, FAM20c, and matrix 
extracellular phosphoglycoprotein).

■ Growth factors, including insulin-like growth factor 1, the autocrine/paracrine FGFs, 
and transforming growth factor-β, play key roles in bone growth and structure.

■ Osteoclasts are the primary bone-resorptive cells and originate from precursors of the 
hematopoietic lineage upon stimulation with receptor activator of nuclear factor-κB 
ligand (RANKL) and macrophage colony-stimulating factor.

■ Whereas the rate of osteoclast generation determines the extension of the 
bone-remodeling unit, the life span of osteoclasts determines the depth of 
resorption.

■ Osteoblasts are responsible for bone formation and originate from mesenchymal 
progenitors that also give rise to chondrocytes, muscle cells, and adipocytes.

■ Osteocytes form a network that senses mechanical and hormonal environmental cues 
and orchestrates the function of osteoblasts and osteoclasts.

■ Osteocytes produce and secrete factors (sclerostin/Sost, RANKL, osteoprotegerin) 
that affect other bone cells by paracrine/autocrine mechanisms and secrete 
hormones (FGF-23) that affect other tissues by endocrine mechanisms.

■ Four dynamic processes—growth, modeling, remodeling, and repair—control skeletal 
development and adaptation, defined by the relationship of bone resorption and 
bone formation to each other.
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bone formation (canal diameter). The secondary osteon is bounded by a 
cement line, probably composed largely of sulfated glycosaminoglycans.4 
The cement line forms an effective boundary that can arrest cracks in bone 
and stop them from growing to a critical size.

COMPOSITION OF BONE
Bone is composed of organic and mineralized components, mainly consisting 
of a matrix of cross-linked type I collagen mineralized with nanocrystalline, 
carbonated apatite. Bone matrix incorporates a small fraction of noncollagenous 
proteins that serve to control collagen assembly and size as well as the 
process of mineralization and cell attachment. The mineral comprises about 
65% to 67% of the bone by weight, the organic component about 22% to 
25%, and water the remaining fraction (≈10%). Within the organic fraction, 
type 1 collagen makes up about 90%, with the remainder accounted for by 
several minor collagens (types III and V) and a variety of noncollagenous 
proteins, most of them extracellular, with cell protein accounting for about 
15% of the noncollagenous proteins in bone.

Type I collagen in bone is formed by a triple helix composed of two α1 
chains and a single α2 chain. At either end of the collagen molecule are an 
N-telopeptide and a C-telopeptide, which can be cleaved when bone is resorbed 
and which are used to measure bone resorption biochemically. These individual 
triple helical collagen molecules self-associate into a periodic arrangement 
of parallel molecules spaced in quarter-staggered array at distances of 40 nm 
between their ends to form collagen fibrils (Fig. e3.1). The holes plus the 
overlap zones give the collagen its banded appearance with a D-periodic 
spacing of 67 nm on average. The spaces between the ends of the collagen 
molecules are known as hole zones, and the 35-nm gap zones that run 
longitudinally parallel between the molecules are known as pores. Hydroxy-
apatite [Ca10(PO4)6(OH)2], which has small and poorly formed crystals, 
nucleates within these spaces. However, most of the mineral in bone, about 
75%, is in the form of more highly carbonated apatite that forms plates about 
300 nm long that lie outside the collagen fibril (extrafibrillar).5,6 The initial 
deposition of mineral—or primary mineralization—occurs rapidly after new 
bone is deposited, with about two thirds of the eventual mineral content 
achieved within about 3 weeks.7 As the bone tissue matures, the mineral 
crystals grow, become more platelike, and orient themselves parallel to one 
another and to the collagen fibrils. This process of crystal growth is sometimes 
called secondary mineralization and occurs over the next year or so until full 
mineralization is achieved. In cancellous bone, the c-axis or long axis of the 
mineral crystal aligns with the longitudinal axis of the trabeculae; in cortical 
bone, the mineral orients to the long axis of the osteon. Other elements can 
easily substitute into the hydroxyapatite crystal, changing its character and 
its ability to withstand mechanical loads. Collagen fibers can become cross-
linked through the action of enzymes, which results in immature or reducible 
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FIG. 3.1 Bone consists of the diaphysis (shaft), the metaphysis, and the epiphysis. 
In growing children, the growth (epiphyseal) plate separates the epiphysis from the 
metaphysis. During growth, the periosteal surface of the metaphysis must be constantly 
resorbed, while concurrent bone formation occurs on the endocortical surface to 
convert the thin-walled but flared metaphysis into the narrower but thicker-walled 
diaphysis (McNeal tetrachrome stain). 
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FIG. 3.2 The three general microscopic types of bone, defined 
morphologically. Woven bone is composed of disorganized, randomly 
oriented collagen fibers. It is found at sites of fracture or inflammation. 
Lamellar bone can be divided into primary and secondary. Primary bone 
is deposited in layers by direct apposition on a substrate. It is found 
circling the endocortical and periosteal circumferences of a long bone 
and within trabeculae. Secondary bone is formed by replacement of 
primary bone through the process of resorption and subsequent new 
bone formation. (Woven bone: polarized light. Primary lamellar bone:  
left, basic fuchsin; right, polarized light. Secondary osteonal bone:  
left, toluidine blue; right, scanning electron microscopic image.) 

contain no smooth muscle but are fenestrated capillaries lined by an incomplete 
layer of endothelial cells, similar to vessels in other blood-forming organs 
like the spleen and bone marrow.2 The vessel is accompanied about 60% of 
the time by two to seven unmyelinated or poorly myelinated nerve fibers.3 
Because the capillaries have no smooth muscle, these nerves do not serve a 
vasomotor function but are primary sensory nerves or autonomic nerves 
from the sympathetic nervous system. Both primary afferents and sympathetic 
nerve fibers express neuropeptides that may play some role in regulating 
bone remodeling. Afferent nerve fibers also express GAP43, which is associated 
with axonal growth, and may reflect the need for vessel growth and rein-
nervation during bone remodeling.

Lining cells (resting osteoblasts) cover the haversian canal, which is 
surrounded by a series of concentric lamellae containing bone cells—osteocytes. 
The relationship between the size of the osteon and the size of its canal is 
a measure of the balance between bone resorption (osteon diameter) and 
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FIG. E3.1 In the collagen fibril, molecules are organized in a quarter-staggered array, 
with hole and pore zones between them where mineral can deposit. The hole zones 
give the collagen fibril its banded appearance when viewed by electron microscopy. 
Cross-links are formed either through the action of enzymes (divalent and trivalent 
cross-links) or through nonenzymatic processes, the latter forming advanced glycation 
end products that can make bone behave in brittle fashion. 
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mouse) also suggest that mature versican PG may play a role in directing 
limb chondrocyte aggregation depending on the surrounding extracellular 
matrix (ECM).12

2. Heparan sulfate PGs (HSPGs) are produced by osteoblast and osteoclast 
lineage cells. These molecules play important roles in cell–cell interactions 
during bone formation by trapping autocrine and paracrine heparin-binding 
fibroblast growth factor (FGF) family members, as well as acting as 
coreceptors with the FGF receptors. Also, other secreted molecules bind 
HSPGs, such as transforming growth factor-β (TGF-β, betaglycan) and 
osteoprotegerin (OPG) (syndecans). The bioactivity of these factors is 
modulated by HSPGs, potentially through focusing of concentrations of 
these potent molecules near differentiating cells.

3. Small leucine-rich PGs are the most abundant of the PGs in bone matrix 
and include decorin, biglycan, fibromodulin, lumican, and osteoadherin. 
These molecules help to provide the structural organization of the bone 
matrix and interact with specific growth factors and collagen to increase 
factor concentration and bioactivity in the matrix (Fig. 3.3). The localization 
of these proteins in mature bone varies; whereas decorin may localize 
with specific matrix areas, biglycan is evenly distributed throughout the 
matrix. Whereas decorin-null animals have alterations in collagen fibril 
size and bone shape,13 biglycan-null animals demonstrate reduced bone 
mass because of lower osteoblast numbers and also show reduced numbers 
of osteoclasts.14 Small leucine-rich PGs play an essential role in the regula-
tion of growth factor activity. In this regard, decorin, biglycan, and 
fibromodulin all possess the ability to bind to TGF-β; however, decorin 
is the best characterized of these proteins for the ability to bind this 
factor. Decorin enhances TGF-β binding with its cognate receptors and 
enhances its bioactivity and, in concert, may act to sequester TGF-β in 
the collagen fibrils, thus reducing its activity. TGF-β activity is associated 
with increased apoptosis of osteoprogenitors; therefore, biglycan and 
decorin appear to be essential for maintaining mature osteoblast numbers 
through regulation of the proliferation and survival of bone marrow 
progenitor cells.

OSTEOCALCIN
Osteocalcin (OC) is a polypeptide posttranslationally modified to carry 
dicarboxylic glutamyl (Gla) residues, which relies on vitamin K for proper 
production (another identifier for OC is bone γ-carboxyglutamic acid [Gla] 
protein [BGLAP or BGP]). In humans, vitamin K is primarily a cofactor in 
the enzymatic reaction that converts glutamate residues into γ-carboxyglutamate 
residues in these vitamin K–dependent proteins including OC but also in 
proteins involved in blood clotting such as factor IX. These Gla-containing 
motifs are thought to enhance calcium binding, which may function to 
control mineral deposition and bone remodeling. A nine-residue domain 
proximal to the N-terminal of secreted OC shares high homology with the 

(divalent) cross-links that mature through the action of lysyl oxidase to 
irreducible (trivalent) cross-links such as pyridinoline and deoxypyridinoline. 
Because divalent cross-links are rapidly converted into mature trivalent 
cross-links under normal circumstances, the quantity of divalent cross-links 
in bone is an indirect measure of remodeling rate. Divalent and trivalent 
cross-links are associated with the N- and C-terminals of the collagen molecule. 
Cross-links can also be formed between the fibers without the action of 
enzymes. These cross-links are formed by the condensation of arginine, 
lysine, and free sugars or through various oxidation reactions, which results 
in the formation of advanced glycation end products. Accumulation of 
advanced glycation end products occurs in diabetes, making the bone more 
brittle and increasing the risk of fracture.

The skeletal noncollagenous proteins comprise 10% to 15% of total bone 
protein. These molecules constitute a wide range of polypeptide species and 
have roles in multiple skeletal processes in addition to functioning as structural 
scaffolding within the bone matrix. One important feature of bone that has 
been largely overlooked until recently is water, which comprises about 10% 
of bone volume and can be found in either free-flowing or bound forms. 
Water stabilizes collagen structure8 but also allows sliding at the interface 
between the mineral and the collagen, which increases the ductility and 
toughness of bone.9 Because proteoglycans are hydrophilic, they may be 
important in retaining the water in some compartments.

PROTEOGLYCANS
Proteoglycans (PGs) are a ubiquitous family of molecules composed of a 
core protein and one or several covalently attached sulfated glycosaminoglycan 
chains. The glycosaminoglycans are linear polymers of repeated disaccharide 
units of hexosamine and hexuronic acid, except for keratan sulfate, in which 
hexuronic acid is replaced by galactose. The core proteins attached to the 
glycosaminoglycans are a diverse protein group and range in size from 10 
to 500 kDa. The wide variety of protein structure may aid in directing the 
unique functional roles of each PG family.

The bone matrix contains PG families of several primary structures, 
including the following:
1. Hyaluronan/CD44, chondroitin sulfate–containing PGs are expressed in 

several regions of bone. Hyaluronan is expressed in focal regions within 
periosteum and endosteum and surrounding most of the major bone cell 
types including osteoblasts, osteoprogenitor cells, osteoclasts, and osteocyte 
lacunae. CD44 is a cell-surface hyaluronan receptor that may play roles 
in guiding bone development and has been localized to osteoclasts, 
osteocytes, and bone marrow cells.10 Versican, a chondroitin sulfate–
containing PG, may be enriched during early osteoid formation and may 
provide a temporary framework in newly formed cartilage matrix during 
bone development.11 Results from cultured mesenchymal cells derived 
from a mouse model carrying a disrupted versican gene (the hdf transgenic 
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FIG. 3.3 Proteoglycans (PGs) regulate growth factors 
at several levels in the bone matrix and in bone cells. 
These polypeptides trap and locally concentrate 
endocrine and paracrine growth factors within the 
matrix. Soluble PGs such as decorin, biglycan, and 
perlecan also modulate activity through binding, thus 
controlling the concentrations of bioavailable factor. 
Membrane-bound PGs such as betaglycan and 
syndecan modulate ligand–receptor interactions and 
thus play roles in regulating intracellular signaling. 
FGF, Fibroblast growth factor; FGFR, fibroblast 
growth factor receptor; OPG, osteoprotegerin; RANK, 
receptor activator of nuclear factor-κB; RANKL, 
receptor activator of nuclear factor-κB ligand; TGF-β, 
transforming growth factor-β; TGF-βRI/RII, 
transforming growth factor-β receptor types I and II. 
(Adapted from Lamoureux F, Baud'huin M, Duplomb 
L, et al. Proteoglycans: key partners in bone cell 
biology. Bioessays 2007;29:758-71.)
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phosphodiesterase 1 (ENPP1) is a type II transmembrane glycoprotein and 
a member of the ENPP family. ENPP1 has broad specificity and cleaves 
phosphodiester bonds of nucleotides and nucleotide sugars as well as 
pyrophosphate bonds of nucleotides and nucleotide sugars. This protein 
may function to hydrolyze nucleoside 5′-triphosphates to their corresponding 
monophosphates and may also hydrolyze diadenosine polyphosphates. 
Loss-of-function mutations in ENPP1 result in autosomal recessive hypophos-
phatemic rickets type 2, characterized by a ricketic phenotype and elevation 
of FGF-2320 (see later discussion).

THROMBOSPONDIN 1 AND 2
The thrombospondins (TSPs) are a family of secreted glycoproteins of high 
molecular mass. TSP1 and TSP2 share high homology and form 450-kDa 
homotrimers. Both TSP1 and TSP2 are expressed by mesenchymal cells and 
chondrocytes during cartilage formation. As osteoblasts replace the mineralizing 
cartilage, TSP2 expression decreases in chondrocytes and increases in the 
matrix within areas undergoing ossification. TSP1 and TSP2 are strong 
antiangiogenic factors and therefore may also play a role in controlling blood 
vessel organization in forming bone.

In developing animals, TSP1 and TSP2 are expressed in temporal and 
spatial patterns distinct for each gene. TSP1 (mouse gene, Thbs1) and TSP2 
(Thbs2) have both been disrupted in mice and have unique phenotypes 
associated with each gene. Thbs1 is a regulator of TGF-β in vivo, and null 
animals have lower viability and prolonged wound healing. For skeletal 
phenotypes, this model has spine curvature and craniofacial alterations. 
Thbs2-null mice have increased cortical bone density, higher numbers of 
mesenchymal stem cells, and a resistance to bone loss due to ovariectomy. 
The fact that the Thbs2-null mice demonstrate less bone resorption than 
wild-type controls after ovariectomy may suggest a role for this molecule in 
estrogen-dependent reductions in bone mass and in the control of osteoclast 
function.

PROTEINS INVOLVED IN MINERALIZATION
Fibroblast growth factor 23
Fibroblast growth factor 23 is a phosphaturic hormone produced in bone 
(Fig. 3.4), and the encoding gene was identified as the mutated gene in 

corresponding regions in known propeptides of the γ-carboxyglutamic 
acid–containing blood coagulation factors. This common structural feature 
may be involved in the posttranslational targeting of these proteins for 
γ-carboxylation.

Osteocalcins may also act as a hormone to regulate the activity of osteoclasts 
and their precursors. In support of this, the skeleton of the OC-null animal 
manifests osteopetrosis compared with wild-type litter mates. In humans, 
OC is expressed largely by osteoblasts and osteocytes, and the measurement 
of this protein in serum has been used as a marker of bone turnover. OC 
messenger RNA (mRNA) is upregulated by vitamin D through interactions 
with trans-acting factors in vitamin D response elements in the OC promoter.15 
Because of its cell-specific expression, the OC promoter has proven to be 
invaluable as an active, functional DNA to drive foreign complementary 
DNAs in osteoblasts in transgenic animals.

OSTEOPONTIN
Osteopontin (OPN), also referred to as secreted phosphoprotein-1, is a member 
of the SIBLING (small integrin-binding ligand N-linked glycoprotein) family, 
which is a group of noncollagenous ECM proteins involved in bone mineraliza-
tion. The genes coding for these proteins are localized to human chromosome 
band 4q21-25; have similar exon arrangements; and include those coding 
for dentin matrix protein-1, dentin sialoprotein, dentin phosphoprotein, 
integrin-binding sialoprotein, and matrix extracellular phosphoglycoprotein 
(MEPE). The SIBLING proteins share common structural features, such as 
multiple phosphorylation sites, a highly acidic nature, the presence of an 
arginine–glycine–aspartic acid cell attachment domain, and proteolysis-resistant 
acidic serine aspartate–rich MEPE-associated motif.

Osteopontin has a high sialic acid content and is produced by osteoblasts 
under stimulation by calcitriol. OPN is expressed within cement lines and 
may thus act as a promoter of adhesion and allow the arrangement of dissimilar 
tissues together in biologic composites such as teeth and bone.16 OPN binds 
tightly to hydroxyapatite and may be involved in the anchoring of osteoclasts 
to the mineral of bone matrix. The vitronectin receptor, which has specificity 
for OPN, is focused within the osteoclast plasma membrane in the regions 
involved in the binding process. Long bones from OPN-null mice are 
indistinguishable from those from wild-type litter mates by radiography, but 
the relative amount of mineral in the more mature areas of the bone (central 
cortical bone) of the OPN-null mice is significantly increased, as is the 
mineral maturity (mineral crystal size and perfection) throughout all regions 
of the bone.17 In vitro, exogenous OPN inhibits inorganic pyrophosphate 
(PPi)–dependent mineralization of a cultured osteoblast cell line.18 These 
findings indicate that OPN is a potent inhibitor of mineral formation as well 
as crystal growth and proliferation.

OSTEONECTIN
Osteonectin, also referred to as secreted protein acidic and rich in cysteine 
(SPARC), is a phosphoprotein that is the most abundant noncollagenous 
polypeptide expressed in bone. The mature protein binds selectively to 
hydroxyapatite, collagen fibrils, and vitronectin at distinct sites and may 
allow proper organization of the bone matrix through contacts with the 
cellular surface. Osteonectin also inhibits cellular proliferation through arrest 
of cells in the G1 phase of the cell cycle. It may regulate the activity of 
platelet-derived growth factor, vascular endothelial growth factor, and FGF-2. 
The osteonectin crystal structure has revealed a novel follistatin-like component 
and an extracellular calcium-binding region containing two EF-hand motifs. 
Osteonectin-null mice develop severe osteopenia, which indicates that this 
gene may have roles in osteoblast proliferation and in mineralization.

ALKALINE PHOSPHATASES AND ECTONUCLEOTIDE 
PYROPHOSPHATASE AND PHOSPHODIESTERASES
Alkaline phosphatases are widely distributed and are membrane-bound 
glycoproteins that hydrolyze monophosphate esters.19 The liver–bone–kidney 
alkaline phosphatase, referred to as tissue-nonspecific alkaline phosphatase 
(encoded by the ALPL gene), acts as a lipid-anchored phosphoethanolamine 
and pyridoxal 5′-phosphate ectophosphatase. Loss-of-function mutations in 
the ALPL gene lead to hypophosphatasia, which is characterized by marked 
defects in bone mineralization and is lethal in the infantile form. The PPi 
produced by cells inhibits mineralization by binding to crystals, and the 
presence of PPi may thus prevent the soft tissues from undergoing mineraliza-
tion. The degradation of PPi to inorganic phosphate by ALPL in bones and 
teeth may facilitate crystal growth; therefore, it is thought that loss of function 
of the ALPL gene in hypophosphatasia results in accumulation of PPi and 
reduced skeletal mineralization. Ectonucleotide pyrophosphatase/
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FIG. 3.4 Bone matrix mineralization involves an interplay of factors and is controlled 
by the balance between inorganic phosphate (Pi) and inorganic pyrophosphate (PPi) 
and the expression of key local and systemic factors. Whereas an excess in Pi induces 
mineralization, PPi inhibits it. Proteins expressed in osteocytes and osteoblasts regulate 
mineralization. Specifically, whereas PHEX (phosphate-regulating gene with homologies 
to endopeptidases on the X chromosome) and dentin matrix protein-1 (DMP1) induce 
mineralization, fibroblast growth factor 23 (FGF-23) inhibits mineralization. Inhibition 
of mineralization by FGF-23 is believed to be caused by inhibition of Pi reabsorption 
in the kidney, which reduces blood and bone Pi levels. Induction of mineralization 
by PHEX and DMP1 may be secondary to inhibition of FGF-23 and thus increases 
in circulating Pi. The Pi levels in the extracellular matrix depend on dietary intake 
and on its rate of synthesis from PPi catalyzed by alkaline phosphatase (AP). Conversely, 
the levels of PPi depend on its conversion from Pi by ectonucleotide pyrophosphatase/
phosphodiesterase enzymes (ENPPs). Other bone-derived proteins, such as matrix 
extracellular phosphoglycoprotein (MEPE), osteopontin (OPN), osteocalcin (OC), and 
osteonectin, coordinately regulate mineralization, likely through direct interactions 
with the mineralized matrix. (Adapted from Bellido T, Plotkin LI, Bruzzaniti A. Bone 
cells. In: Burr DB, Allen MR, editors. Basic and applied bone biology. San Diego: 
Academic Press; 2014, p. 27-46.)
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and osteocytes embedded in the mineralized matrix. In vitro studies of human 
osteoblast cell cultures indicate that MEPE expression is the highest during 
the mineralization phase.30 Mepe-null mice display increased trabecular and 
cortical bone mass because of increases in both osteoblast number and activity, 
and these mice are also resistant to age-dependent trabecular bone loss.31 
Taken together, these findings indicate that MEPE likely has a role as an 
important gene for the negative regulation of skeletal mineralization.

GROWTH FACTORS
Multiple growth factors, either produced within bone or circulating to bone, 
are critical for skeletal development and function. These factors may be 
sequestered within bone matrix via the bloodstream or may be produced by 
the major bone cell types and act as paracrine and autocrine factors.

Insulin-like growth factors
The insulin-like growth factors IGF-1 (somatomedin C) and IGF-2 (somato-
medin A) are produced primarily in the liver but are also produced in bone. 
These factors predominantly circulate complexed with IGF binding proteins 
(IGFBPs) to facilitate their transport to tissues. IGFBPs can either enhance 
or inhibit IGF activity. IGF-1 and -2 act through the IGF-1 receptors (IGFR1 
and IGFR2) and possess bioactivity that promotes cell proliferation and 
differentiation.

The IGF-1-null mouse has reduced cortical bone and femur length; however, 
trabecular density is increased. In vitro findings suggest that IGF-1 also 
increases osteoclastogenesis, and IGF-1-null mice have reduced levels of 
receptor activator of nuclear factor-κB ligand (RANKL) in osteoblasts isolated 
from bone marrow. Therefore IGF-1 may regulate osteoclastogenesis through 
direct and indirect actions. Overexpression of IGF-1 specifically in osteoblasts 
leads to increased bone mineral density and increased trabecular volume, 
although osteoblast numbers are not increased.32 These studies suggest that 
IGF-1 acts directly on osteoblasts to enhance their function. Specific removal 
of IGFR1 from osteoblasts results in decreased trabecular number and volume 
and a dramatic decrease in bone mineralization, which further supports the 
role of the IGFs with regard to osteoblasts. Less is known regarding the 
functions of IGF-2 in bone. However, it has been suggested that IGF-2 may 
be a local regulator of bone cell metabolism.

Bone morphogenetic protein family
Bone morphogenetic proteins (BMPs) are members of the TGF-β superfamily. 
There are now more than 20 BMP-related proteins, which are classified into 
subgroups based on structure and function. These factors play important 
roles in skeletal development by directing the fate of mesenchymal cells, 
through differentiation of these precursor cells into cells of the osteoblastic 
lineage, and by inhibiting their differentiation into myoblastic lineage cells. 
BMPs also increase osteoclastogenesis, which is tightly coordinated with 
osteoblastogenesis. BMPs activate specific receptors and induce cell signaling 
by phosphorylating cytoplasmic receptor–regulated Smads, which enter the 
nucleus to recruit transcription factors and enhance gene expression. The 
human disorder fibrodysplasia ossificans progressiva is a disease of dramatic 
ectopic bone formation, which can be accelerated after blunt trauma. A 
recurrent mutation in activin receptor IA/activin-like kinase 2, a BMP type 
I receptor, was reported as the molecular cause of fibrodysplasia ossificans 
progressiva.33 These findings underscore the potent effects of BMP signaling 
on bone formation.

Fibroblast growth factors
Members of the FGF family of proteins primarily act as paracrine and autocrine 
factors and bind to one or several of four FGF receptors (FGFRs). FGFRs 
normally exist as an inactivated monomer. With FGF binding in the presence 
of heparin/heparan sulfate, the FGFRs dimerize, which leads to the autophos-
phorylation of tyrosine residues. The FGF family has potent effects on bone 
development. This is clearly evident by the fact that activating mutations in 
FGFR1 and FGFR2 are responsible for disorders of craniosynostosis and 
limb patterning, and FGFR1 and FGFR3 mutations result in disorders of 
hypochondroplasia and achondroplasia. The FGFs interact with HSPGs and 
are sequestered within the mineralizing matrix. In addition, the HSPG syndecan 
may stabilize FGF-FGFR interactions and promote FGF signaling and 
bioactivity.

The FGF family members play important roles in bone development and 
formation. Expression of several FGF ligands, including FGF-2, FGF-5, 
FGF-6, FGF-7, and FGF-9, has been observed in mesenchyme surrounding 
the initial congregations of cells that proliferate and differentiate to form 
bone. In limb bud, FGFR1 and FGFR2 are expressed in condensing mesen-
chyme. In rat growth plates, mRNAs encoding all four FGFRs and FGF-2 
can be detected, and FGF-2 is also present in osteoblasts. FGF-2 treatment 

autosomal dominant hypophosphatemic rickets (ADHR), a metabolic bone 
disorder of isolated renal phosphate wasting.21 Full-length FGF-23 (32 kDa) 
is the biologically active form of the protein and is inactivated upon cleavage 
into 20- and 12-kDa protein fragments. Intracellular cleavage of FGF-23 
occurs between R179 and S180 within a highly charged subtilisin-like proprotein 
convertase (SPC) proteolytic site (R176H177T178R179/S180AE). The human FGF-23 
ADHR mutations R176Q, R179Q, and R179W destroy this site and stabilize 
the full-length active form of the protein. The production and secretion of 
whole-molecule, bioactive FGF-23 is a dynamic process. Within the trans-Golgi 
network, UDP-GalNAc transferase 3 (GALNT3) O-glycosylates FGF-23 on 
T180. This glycosylation stabilizes bioactive FGF-23 by inhibiting cleavage 
between residues R179 and S180 via the SPC furin (PCSK3). The importance 
of this event is underscored by the fact that patients with GALNT3 inactivating 
mutations do not efficiently produce bioactive FGF-23.22 The GALNT3-
mediated FGF-23 glycosylation can be sterically hindered through prior 
phosphorylation of S180 by the novel kinase FAM20C,23 thus providing a 
molecular interaction that controls the ability of osteoblasts and osteocytes 
to regulate serum phosphate concentrations and potentially bone mineralization 
(see Fig. 3.4). FGF-23 acts in the kidney to inhibit phosphate reabsorption 
by reducing expression of the proximal tubule type I sodium–phosphate 
cotransporters Npt2a24 and Npt2c. The subsequent low serum phosphate 
level results in marked osteomalacia and rickets, fracture, and dental anomalies. 
Application of in situ hybridization to adult trabecular bone revealed the 
presence of FGF-23 mRNA in osteocytes and flattened bone-lining cells. In 
regions of active bone formation, newly formed osteocytes and osteoprogenitor 
cells also express FGF-23.25 FGF-23 levels are elevated in vivo by increased 
serum phosphate and 1,25-dihydroxyvitamin D concentrations, and FGF-23 
then completes the feedback loop by reducing phosphate reabsorption and 
1,25-dihydroxyvitamin D production in the kidney. Evidence also indicates 
that FGF-23 is directly regulated by parathyroid hormone (PTH) in 
osteocytes.26

Whether FGF-23 has direct effects on the skeleton is uncertain because 
the FGF-23 coreceptor α-Klotho is predominantly expressed in the kidney 
and parathyroid glands. However, because FGF-23 is produced in bone, 
FGF-23 expression and its actions on serum phosphate concentrations may 
be coordinated with intraskeletal signals to allow proper bone formation 
and mineralization.

PHEX
X-linked hypophosphatemia, a disorder of rickets and osteomalacia, is caused 
by inactivating mutations in PHEX (phosphate-regulating gene with homologies 
to endopeptidases on the X chromosome).27 PHEX encodes a protein that 
is similar to the M13 family of membrane-bound metalloproteases such as 
neutral endopeptidase and endothelin-converting enzymes 1 and 2 (see Fig. 
3.4). These proteases are known to cleave small peptide hormones. Mutations 
in PHEX lead to dramatic over expression of FGF-23; however, the PHEX 
substrate and molecular mechanisms underlying this increase are currently 
unknown.

Dentin matrix protein-1
Dentin matrix protein-1 (DMP1), similar to OPN, is a member of the SIBLING 
gene family. DMP1 is highly expressed in osteocytes and is composed of 513 
residues but is secreted in bone and dentin as 37-kDa N-terminal (residues 
17–253) and 57-kDa C-terminal (residues 254–513) fragments from a 94-kDa 
full-length precursor (see Fig. 3.4). Recombinant DMP1 binds calcium-
phosphate ions and the N-telopeptide region of type I collagen with high 
affinities, so in vivo DMP1 may regulate local mineralization processes in 
bone and teeth. The C-terminal portion of DMP1 has been implicated in 
DNA binding, in gene regulation, and as an integrin-binding protein. Inactivat-
ing mutations in DMP1 result in the metabolic bone disease autosomal 
recessive hypophosphatemic rickets, which is associated with elevated FGF-23 
levels in these patients. As shown in the Dmp1-null mouse (and in the Hyp 
mouse model of X-linked hypophosphatemia), the primary cellular defect 
caused by loss of Dmp1 may be an alteration in osteoblast to osteocyte 
maturation, leading to inappropriate expression of typically “osteoblastic” 
or “early osteocyte” genes such as type I collagen, alkaline phosphatase, and 
FGF-23 in mature embedded osteocytes. The relationship of DMP1 to cell 
differentiation is currently unknown. Interestingly, FAM20c, a novel secreted 
kinase,28 has been shown to phosphorylate the SIBLING proteins DMP1 and 
MEPE (see next section). Loss of FAM20c in mice results in a Dmp phenotype,29 
which indicates a complex relationship between the phosphorylation of ECM 
proteins and their normal functions.

Matrix extracellular phosphoglycoprotein
Another member of the SIBLING family found in the mineralizing matrix 
is MEPE (see Fig. 3.4). MEPE is predominantly expressed in odontoblasts 
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bone healing. This factor also destabilizes blood vessels during healing to 
allow sprouting of new vessels. VEGF is produced by many cell types including 
fibroblasts, hypertrophic chondrocytes, and osteoblasts. VEGF may act not 
only in bone angiogenesis and vascular differentiation but also in aspects of 
development, such as chondrocyte and osteoblast differentiation, as well as 
osteoclast recruitment.

BONE CELLS
Bone development and the adaptation of the adult skeleton to mechanical 
needs and hormonal changes depend on the ability of bone cells to resorb 
and form bone in the right places and at the right time. Bone growth, modeling, 
and remodeling are defined by the spatial and temporal relationship between 
bone resorption and bone formation. Osteoclasts resorb bone, osteoblasts 
form bone, and osteocytes detect the need for bone augmentation or reduction 
and coordinate the activity of osteoclasts and osteoblasts.

OSTEOCLASTS
Osteoclasts are the primary bone-resorptive cells. They are needed for bone 
modeling, which leads to changes in the shape of bones, and for bone 
remodeling, which maintains the integrity of the adult skeleton. Osteoclasts 
originate from precursors of the monocyte/macrophage family of the hema-
topoietic lineage that differentiate to multinucleated cells upon stimulation 
with RANKL and macrophage colony-stimulating factor (M-CSF) (Fig. 3.5). 
Upon completing bone resorption, all osteoclasts undergo programmed cell 
death or apoptosis and disappear from the bone surface.

Osteoclast morphology and function
Osteoclasts adhere firmly to bone through the interactions established between 
integrins expressed in the osteoclast membranes with collagen, fibronectin, 
and other bone matrix proteins. Expression of αV and α3 integrin is induced 
during osteoclast differentiation, and the integrin binds to the amino acid 
sequence Arg-Gly-Asp present in OPN and bone sialoprotein. The importance 
of these events for osteoclast activity is underscored by the inhibition of 
resorption with competitive Arg-Gly-Asp ligands34 and a progressive increase 
in bone mass caused by osteoclast dysfunction in mice null for β3 
integrin.

The intimate contact between the osteoclast and the bone matrix creates 
a space called the sealing zone. There is also polarization of the osteoclast 
fibrillar actin into a circular structure called the actin ring, containing 
podosomes composed of an actin core surrounded by αVβ3 integrins and 
associated cytoskeletal and signaling proteins. Thus, the area in which the 
osteoclast apposes the bone is isolated from the general extracellular space 
and becomes acidified by the activity of a proton pump and a chloride 
channel.34 The low pH in this area dissolves the mineral and exposes the 
organic matrix, which is subsequently degraded by the activity of lysosomal 
cathepsin K and matrix metalloproteases. These degrading enzymes are 

of osteoblasts enhances the binding of Runx2 to the Cbfa1 consensus sequence 
in the OC promoter and may therefore have a role in differentiation.

Transforming growth factor-β
Transforming growth factor-β controls proliferation, differentiation, and other 
functions in many cell types. TGF-β1, TGF-β2, and TGF-β3 all function 
through the type I and type II TGF receptors. The type I TGF-β receptor 
forms a heterodimer with the type II TGF-β receptor. TGF-β stimulation 
leads to activation of SMAD2 and SMAD3, which form complexes with 
SMAD4 that accumulate in the nucleus and regulate the transcription of 
target genes.

Transforming growth factor-β is the most abundant growth factor in 
human bone; it is localized within the bone matrix and has functions both 
during embryonic development and in mature bone. During embryonic 
development, TGF-β1 plays a role in cell migration, controlling epithelial–
mesenchymal interactions, and the formation of cellular condensations, which 
influence bone shape. This factor also plays a key role in inducing mesenchymal 
cell differentiation to either chondrocytes or osteoblasts. In adult bone, 
TGF-β1 controls osteoblast differentiation, which affects matrix formation 
and mineralization. TGF-β1 inhibits the expression of the differentiation 
markers Runx2 and OC in osteoblast cell lines, and its functions interplay 
with those of other systems in bone such as the PTH and the Wnt/β-catenin 
systems.

The skeletal disorder Camurati-Engelmann disease (CED) highlights the 
importance of TGF-β1 in skeletal formation. CED is a progressive diaphyseal 
dysplasia characterized by hyperostosis and sclerosis of the diaphyses of the 
long bones. The TGFB1 gene was screened and three different heterozygous 
missense mutations were found in exon 4 in the nine families examined. 
All of the mutations in the CED patients were located either at C225 or near 
R218, which suggests the importance of this region in activating TGF-β1 in 
the bone matrix.

Platelet-derived growth factor and vascular endothelial  
growth factor
All platelet-derived growth factors (PDGFs) and vascular endothelial 
growth factors (VEGFs) are dimers of disulfide-linked polypeptide chains, 
encoded by nine different genes that direct production of four different 
PDGF chains (PDGF-A, PDGF-B, PDGF-C, and PDGF-D) and five different 
VEGF chains (VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth 
factor). All members of these families carry a growth factor core domain that 
is necessary for receptor activation. PDGFs mediate their bioactivity through 
two receptors, PDGFR-α and PDGFR-β. These receptors both have five 
extracellular immunoglobulin loops for ligand binding and an intracellular 
tyrosine kinase domain. The VEGFs act through a homologous family of 
receptors, VEGFR1, VEGFR2, and VEGFR3. PDGFs act primarily as paracrine  
growth factors.

Platelet-derived growth factor is chemotactic and mitogenic for osteoblasts 
and osteoprogenitor cells, and it upregulates cytokines that are crucial to 
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FIG. 3.5 Osteoclast differentiation is governed by 
receptor activator of nuclear factor-κB ligand 
(RANKL) and macrophage colony-stimulating factor 
(M-CSF) secreted by osteoblasts and osteocytes, 
which control various steps of the osteoclast 
differentiation process, including precursor 
proliferation, commitment, differentiation, and 
maturation. Osteoprotegerin (OPG), which is also 
secreted by osteoblasts and osteocytes, acts as a 
decoy receptor for RANKL and reduces osteoclast 
differentiation. (From Bellido T, Plotkin LI, Bruzzaniti 
A. Bone cells. In: Burr DB, Allen MR, editors. Basic 
and applied bone biology. San Diego: Academic 
Press; 2014, p. 27-46.)
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Osteoclast apoptosis
All osteoclasts undergo apoptosis and disappear from the bone surface after 
completing bone resorption. High concentrations of extracellular calcium, 
similar to the ones present in resorption cavities, induce osteoclast apoptosis 
in vitro and may be the triggering event. Fas ligand stimulates osteoclast 
apoptosis, and Fas-deficient mice exhibit more osteoclasts and decreased 
bone mass, which suggests that this pathway controls osteoclast life span in 
vivo. Osteoclast apoptosis might also result from loss of survival signals 
provided by integrin interactions with the matrix or by changes in the produc-
tion of cytokines or growth factors that preserve osteoclast viability. Potential 
antiapoptotic factors are M-CSF and RANKL, the same cytokines that induce 
osteoclast differentiation. TNF-α and IL-1 also delay osteoclast apoptosis. 
All of these cytokines activate the extracellular signal–regulated kinases 
(ERKs), the activation of which is required for osteoclast survival. Phos-
phatidylinositol 3′-kinase (PI3-K) and its target the kinase Akt are required 
for osteoclast differentiation but not for survival. Instead, mammalian target 
of rapamycin (mTOR), another PI3-K target, is required for the antiapoptotic 
actions of M-CSF, RANKL, and TNF-α in osteoclasts. Because mTOR is also 
activated by ERKs, it appears to be a point of convergence in the action of 
prosurvival kinases in osteoclasts.

RANKL, TNF-α, and IL-1 also activate NF-κB, a transcription factor 
shown to inhibit apoptosis in various cell types. Downregulation of NF-κB 
mRNA inhibits IL-1–dependent survival, and blockade of NF-κB binding to 
DNA with specific oligonucleotides induces apoptosis. However, osteoclast 
precursors lacking NF-κB subunits have normal survival rates, and inhibition 
of NF-κB activation via a dominant-negative IKK2 does not affect the ability 
of IL-1 to promote osteoclast survival. Therefore, the relevance of NF-κB 
signaling for osteoclast survival is still controversial.

Regulation of osteoclast generation and survival
In the bone-remodeling unit, whereas the rate of osteoclast generation 
determines the extension of the bone-remodeling unit, the life span of 
osteoclasts determines the depth of resorption. Although both genesis 
and apoptosis of osteoclasts lead to changes in osteoclast number 
and bone resorption, alteration of osteoclast life span might represent 
a more effective mechanism to accomplish rapid changes in bone  
resorption rate.

Sex steroids have profound effects on osteoclasts. Both estrogens and 
androgens inhibit osteoclast generation by regulating the production of 
pro-osteoclastogenic cytokines (e.g., IL-6 and IL-1) by cells of the stromal/
osteoblastic lineage. Estrogens also induce apoptosis of mature osteoclasts. 
This, together with an inhibitory effect of the hormones on osteoblast genera-
tion, leads to attenuation of the rate of bone remodeling.

Mice receiving excess glucocorticoids exhibit reduced osteoclast progenitors, 
but cancellous osteoclast number does not decrease in the early phases of 
the disease because glucocorticoids prolong the life spans of preexisting 
osteoclasts. This effect may account for the early transient increase in bone 
resorption in patients with hyperglucocorticoidism. In contrast to the rapid 
prosurvival effect of glucocorticoids on mature osteoclasts, glucocorticoids 
induce a decrease in osteoclast formation caused by a reduction in the pool 
of osteoblastic cells that support osteoclastogenesis. This effect leads to the 
typical low remodeling rate observed in chronic glucocorticoid-induced 
osteoporosis.

OSTEOBLASTS
Osteoblasts are the cells responsible for bone formation. They originate from 
mesenchymal progenitors, which also give rise to chondrocytes, muscle cells, 
and adipocytes (Fig. 3.6). Commitment of mesenchymal cells to the osteoblastic 
lineage depends on the specific activation of transcription factors induced 
by morphogenetic and developmental proteins that carry out the functions 
of bone matrix protein secretion and bone mineralization. Upon completion 
of bone matrix formation, some mature osteoblasts remain entrapped in 
bone as osteocytes, some flatten to cover quiescent bone surfaces as bone-lining 
cells, and most die by apoptosis.

Osteoblast function
The main function of osteoblasts is to synthesize collagen type I and other 
specialized matrix proteins that serve as a template for the subsequent mineral 
deposition in the form of hydroxyapatite. Mature osteoblasts actively engaged 
in this process are recognized by their location on the bone surface and by 
their morphologic features typical of cells secreting high levels of proteins: 
cuboidal shape with large nucleus, enlarged Golgi apparatus, and extensive 
endoplasmic reticulum. Osteoblasts express high levels of alkaline phosphatase 
and OC, and the level of these proteins in blood reflects the rate of bone 
formation.

transported into acidified vesicles that fuse with the osteoclast plasmalemma, 
forming a villous structure referred to as the ruffled border. This structure 
and the actin ring are essential features of a resorbing osteoclast, and abnor-
malities of either structure lead to arrested bone resorption.

The cytoplasmic domains of integrins serve as platforms for signaling 
proteins involved in osteoclast function, such as the kinase Src, which is 
crucial for osteoclast attachment and resorption. Src regulates podosome 
disassembly and ruffled membrane formation by its ability to interact with 
the focal adhesion–related kinase Pyk2 and the proto-oncogene c-Cbl. Rho, 
Rac, and the guanine nucleotide exchange factor Vav3, which activates 
guanosine diphosphatases into guanosine triphosphatases, also play a central 
role in modifying the resorptive capacity of osteoclasts by modulating the 
actin cytoskeleton. Osteoclast resorption products are transported in vesicles 
through the cytosol to the basolateral surface and discharged to the extracellular 
milieu or directly released to the surrounding fluid after osteoclast retraction 
from the resorption pits.

Osteoclast formation and differentiation
Mature, multinucleated osteoclasts are formed by fusion of mononuclear 
precursors of the monocyte/macrophage lineage (see Fig. 3.5). The earliest 
recognized osteoclast precursor is the granulocyte-macrophage colony-forming 
unit, which also gives rise to granulocytes and monocytes. Osteoclast precur-
sors proliferate in response to growth factors such as interleukin-3 (IL-3) 
and colony-stimulating factors like granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and M-CSF to form postmitotic, committed mononucleated 
osteoclast precursors, which differentiate and fuse to form multinucleated 
osteoclasts under the influence of RANKL, a member of the tumor necrosis 
factor (TNF) family of ligands.

M-CSF and RANKL are critical for osteoclastogenesis, and deletion of 
M-CSF, RANKL, or RANK (the receptor for RANKL expressed by osteoclasts 
and their precursors) inhibits osteoclast differentiation, leading to osteopetrosis 
in mice. Both M-CSF and RANKL are expressed by bone marrow stromal 
cells and osteoblastic cells, as well as T lymphocytes and other cell types 
in pathologic settings. Importantly, osteocytes have now been found to be 
a major source of M-CSF and RANKL, as well as OPG, the RANKL decoy 
receptor,35,36 and deletion of RANKL from osteocytes leads to osteopetrosis,36 
demonstrating a central role of osteocytes in osteoclastogenesis (see Fig. 
3.5). Whereas M-CSF contributes to osteoclast differentiation, migration, 
and survival by binding to its receptor c-Fms on osteoclast precursors, 
RANKL facilitates osteoclast formation via direct binding to the receptor 
RANK. RANKL is expressed on the cell surface and is also secreted as a 
soluble form. Although the soluble form of RANKL is found in the circula-
tion and its presence is sufficient to induce differentiation of osteoclast 
precursors in vitro, its actual role in osteoclast formation in vivo remains  
unproven.

RANKL expression is upregulated by hormones and cytokines known to 
induce osteoclast generation. This explains the long-observed property of 
primary osteoblastic cells or osteoblastic cell lines that, upon treatment with 
vitamin D, PTH, or IL-11, IL-6, TNF, and IL-1, support osteoclast develop-
ment when co-cultured with osteoclast precursors derived from spleen or 
bone marrow. RANKL mediates several aspects of osteoclast differentiation, 
including fusion of mononucleated precursors into multinucleated cells, 
acquisition of osteoclast-specific markers, attachment of osteoclasts to 
the bone surfaces, stimulation of resorption, and promotion of osteoclast 
survival. Although M-CSF contributes to RANKL effects, RANKL appears 
to play a dominant role in bone resorption. Thus, whereas M-CSF–null 
mice recover with time from the decreased osteoclast number and activity, 
RANKL knockout mice do not. Furthermore, RANKL appears to stimulate 
osteoclast formation and resorption in mice even in the absence of functional  
M-CSF.37

RANKL activates several signal transduction pathways involving the 
recruitment of the adapter protein TRAF6 (TNF receptor–associated factor 
6) to the intracellular domain of the receptor RANK. TRAF6 in turn activates 
kinase-dependent signaling as well as transcription factors. Among them, 
NF-κB has been shown to undergo nuclear translocation, leading to upregula-
tion of c-Fos. c-Fos, in turn, binds to nuclear factor of activated T cells, 
cytoplasmic 1 (NFATc1) and upregulates genes crucial for osteoclast differentia-
tion and function. Although other signaling pathways are activated by RANKL 
in osteoclasts, the evidence that deletion of NF-κB, c-fos/AP1, and NFATc1 
leads to osteoclast dysfunction demonstrates the crucial role of these genes 
in osteoclasts.37

Osteoprotegerin is an inhibitor of RANK activation and osteoclastogenesis 
that also belongs to the TNF family of receptors. OPG is a secreted protein 
with no transmembrane domain, and therefore it has no direct signaling 
capabilities. OPG suppresses osteoclast formation and resorption by binding 
to RANKL, thereby impeding RANKL interaction with RANK.
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Examination of the nuclear morphology of cells transfected with fluorescent 
proteins containing a nuclear localization sequence has proven a particularly 
useful tool for studying apoptosis in cells co-transfected with genes of interest. 
Cell detachment from the substrate, changes in the composition of the plasma 
membrane, and changes revealing cell shrinkage are also features that have 
been used to detect and quantify apoptotic cells.

Regulation of osteoblast generation and apoptosis
Most major regulators of skeletal homeostasis influence both generation and 
survival of osteoblasts. The BMP and Wnt signaling pathways promote 
osteoblast differentiation, but whereas BMPs induce osteoblast apoptosis, 
Wnts inhibit it. BMPs induce apoptosis of mature osteoblasts as well as of 
mesenchymal osteoblast progenitors in interdigital tissues during the develop-
ment of the hands and feet. Wnt signaling has a profound effect on bone as 
shown by the high-bone-mass phenotype of mice and humans with activating 
mutations of low-density lipoprotein receptor–related protein 5 (LRP5), 
which together with Frizzled proteins are receptors for Wnt ligands. Wnts 
stimulate differentiation of undifferentiated mesenchymal cells toward the 
osteoblastic lineage and stimulate differentiation of preosteoblasts. Canonical 
Wnt signaling in osteoblasts also affects osteoclasts by enhancing the expression 
of the RANKL decoy receptor OPG, which leads to inhibition of osteoclast 
development. In addition, Wnt signaling inhibits apoptosis of mature osteo-
blasts and osteocytes.42 The increased bone formation exhibited by mice 
lacking the Wnt antagonist known as secreted Frizzled related protein-1 
(sFRP-1) is associated with decreased osteoblast and osteocyte apoptosis. 
The prevalence of osteoblast and osteocyte apoptosis is also decreased in 
mice expressing the high bone mass–activating mutation of LRP5 (G171V), 
which exhibit reduced ability to bind the Wnt antagonist sclerostin secreted 
by osteocytes. Consistent with this, sclerostin induces osteoblast apoptosis 
in vitro. Moreover, reduction of sclerostin levels by PTH and mechanical 
loading increases osteoblast number and activity as a result of stimulation 
of osteoblast differentiation and increased survival.43,44 Activation of Wnt 
signaling in vitro by ligands known to activate the so-called canonical as 
well as noncanonical pathways also prevents apoptosis of osteoblast progenitors 
and differentiated osteoblasts through a mechanism that involves the Src/
ERK and PI3/AKT pro-survival kinases.45

Glucocorticoids induce rapid bone loss resulting from a transient increase 
in resorption caused by delayed osteoclast apoptosis. This initial phase is 
followed by a sustained and profound reduction in bone formation and 
turnover caused by decreased osteoblast and osteoclast generation and 
increased osteoblast apoptosis.

Both persistent excess of PTH, as in hyperparathyroidism, and intermittent 
elevation of PTH (by daily injections) increase the number of osteoblasts. 
Sustained PTH elevation inhibits the expression of sclerostin, with a consequent 
increase in Wnt signaling and in differentiation of osteoblast precursors. A 
major effect of intermittent elevation of PTH is inhibition of apoptosis of 
osteoblasts, which thereby prolongs their life span and ability to form bone.

OSTEOCYTES
Osteocytes are former osteoblasts that become entombed during the process 
of bone deposition and are regularly distributed throughout the mineralized 

Interaction of osteoblasts among themselves, with lining cells, and with 
bone marrow cells is established by adhesion junctions, tight junctions, and 
gap junctions. Adhesion junctions mainly mediated by cadherins and tight 
junctions serve to join cells and facilitate their anchorage to the ECM. Changes 
in the expression level of the major cadherins expressed in osteoblasts, 
N-cadherin and cadherin 11, influence osteoblast differentiation and survival. 
Intercellular communication among osteoblasts and neighboring cells is 
maintained by cell coupling via gap junctions. Opening of gap junction 
channels contributes to coupling and the coordination of responses within 
a cell population. The major gap junction protein expressed in bone cells 
is connexin 43. Its absence or dysfunction leads to impaired osteoblast 
differentiation, premature apoptosis of osteoblasts and osteocytes, and deficient 
response to hormones and pharmacotherapeutic agents.38 Furthermore, gap 
junction communication is fundamental for the maintenance of a continuum 
from bone, where osteocytes reside, through bone surface cells, osteoblasts 
and osteoclasts, bone marrow cells, and endothelial cells of the blood vessels.39 
This functional syncytium might be responsible for the coordinated response 
of the bone tissue to changes in physical and chemical stimuli, as will be 
discussed later. Interactions between osteoblasts and the bone matrix via 
integrins also modulate osteoblast differentiation, function, and survival. In 
particular, loss of antiapoptotic signals provided by the ECM causes apoptosis, 
a phenomenon referred to as anoikis.

Osteoblast formation and differentiation
The process of osteoblastogenesis can be divided into steps comprising 
proliferation, ECM development and maturation, mineralization, and apoptosis. 
Each stage is characterized by activation of specific transcription factors and 
genes leading to a succession of osteoblast phenotypic markers (see Fig. 
3.6). Transcription factors of the helix-loop-helix family (Id, Twist, and 
Dermo) are expressed in proliferating osteoblast progenitors and are responsible 
for maintaining the osteoprogenitor population by inhibiting the expression 
of genes that characterize the osteoblast mature phenotype. Transcription 
factors of the activating protein family, such as c-fos, c-jun, and junD, are 
expressed during proliferation as well as later in the differentiation pathway 
and may activate or repress transcription. Runx2 and osterix are essential 
for establishing the osteoblast phenotype. Their absence from the mouse 
genome results in lack of skeletal mineralization and perinatal lethality. 
Runx2 and osterix regulate the expression of other genes that control bone 
formation and remodeling, including OC and RANKL. Runx2 regulates 
differentiation, survival, and function of osteoblasts by affecting several 
signaling pathways, including those activated by Wnts, BMPs, integrins, and 
the PTH receptor.

Osteoblast apoptosis
Upon completing the process of bone formation, 60% to 70% of osteoblasts 
die by apoptosis; the rest become lining cells or osteocytes. Apoptosis occurs 
throughout all stages of osteoblast life.40 The prevalence of osteoblast apoptosis 
in bone sections can be quantified by measuring fragmented DNA. Apoptosis 
of cultured osteoblasts has been extensively studied using several methods,41 
including increased activity of initiator or effector caspases, the presence of 
cleaved genomic DNA by TUNEL or ISEL assay, and nuclear fragmentation 
and chromatin condensation using fluorescent dyes that bind to DNA. 
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transcription factors that affect the proliferation and 
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rapid activation of the Src/Shc/ERK signaling pathway through nongeno-
tropic actions of the classical receptors for sex steroids. This effect requires 
only the ligand-binding domain of the receptor, and unlike the classical 
genotropic action of the receptor protein, it is eliminated by nuclear  
targeting.

Excess of glucocorticoid activity in bone may also contribute to induction 
of osteocyte (and osteoblast) apoptosis because aged mice exhibit higher 
serum levels of corticosterone, elevated adrenal weight, and increased expres-
sion in bone of 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1), the 
enzyme that amplifies glucocorticoid action. The apoptotic effect of gluco-
corticoids is reproduced in cultured osteocytes and osteoblasts in a manner 
strictly dependent on the glucocorticoid receptor.40 Induction of osteocyte 
and osteoblast apoptosis by glucocorticoids can result from the direct action 
of the steroids, because overexpression of the enzyme that inactivates glu-
cocorticoids, 11β-HSD2, specifically in these cells abolishes the increase in 
apoptosis. Strikingly, in the osteocytic MLO-Y4 cell line, the proapoptotic 
effect of glucocorticoids is preceded by cell detachment caused by interference 
with FAK-mediated survival signaling generated by integrins. In this mecha-
nism, Pyk2 (a member of the FAK family) becomes phosphorylated and 
subsequently activates proapoptotic JNK signaling. The proapoptotic actions 
of glucocorticoids may involve suppression of the synthesis of locally produced 
antiapoptotic factors, including IGF-1- and IL-6-type cytokines, as well as 
matrix metalloproteins, and stimulation of the proapoptotic Wnt antagonist 
SFRP-1.

Regulation of bone formation by osteocytes: sclerostin
Osteocytes express sclerostin, the product of the Sost gene, which antagonizes 
several members of the BMP family of proteins and also binds to LRP5/LRP6, 
preventing canonical Wnt signaling. Loss of Sost in humans causes the 
high-bone-mass disorders van Buchem syndrome and sclerosteosis. In addition, 
administration of an antisclerostin antibody increases bone formation and 
restores the bone lost after ovariectomy. Conversely, transgenic mice over-
expressing Sost exhibit low bone mass.49 These lines of evidence demonstrate 
that sclerostin derived from osteocytes exerts a negative feedback control at 
the earliest step of mesenchymal stem cell differentiation toward the osteoblast 
lineage. Moreover, PTH and mechanical loading downregulate the expression 
of sclerostin in osteocytes, which reveals a novel mechanism of bone anabolism 
triggered by osteocytes.

Osteocytes as mediators of the anabolic actions of canonical Wnt 
signaling in bone
Bone anabolic stimuli activate Wnt signaling, and human mutations of 
components along this pathway underscore its crucial role in bone accrual 
and maintenance. However, the cell responsible for orchestrating Wnt anabolic 
actions had remained elusive because genetic activation or deletion of 
components of the pathway in osteoblasts or their precursors only affect 
bone resorption without evident effects on bone formation.50,51 A recent 
study demonstrates that activation of canonical Wnt signaling exclusively 
in osteocytes increases (not decreases) resorption and induces bone anabolism, 
leading to high bone remodeling with bone gain. This effect is due to the 
fact that activation of the pathway in osteocytes not only decreases OPG as 
in osteoblasts but also increases RANKL, leading to a higher RANKL-to-OPG 
ratio that favors resorption, and in this setting, Wnt signaling also favors 
osteoblast–osteocyte differentiation.52 Thus, these findings demonstrate 
disparate outcomes of β-catenin activation in osteocytes versus osteoblasts 
and identify osteocytes as central target cells of the anabolic actions of 
canonical Wnt/β-catenin signaling in bone.

Regulation of bone resorption by osteocytes: RANKL  
and osteoprotegerin
The cues that signal bone resorption are not completely understood. Apoptotic 
osteocytes could regulate the recruitment of osteoclast precursors and their 
differentiation in two ways. Osteocyte apoptosis may indirectly stimulate 
osteoclastogenesis by inducing stromal/osteoblastic cells to secrete RANKL. 
In addition, osteocytes can directly secrete RANKL. Indeed, in vitro, purified 
osteocytes express higher levels of RANKL than osteoblasts and bone marrow 
stromal cells. The severe osteopetrotic phenotype observed in mice lacking 
RANKL in osteocytes and their resistance to bone loss induced by tail suspen-
sion strongly suggests that osteocytes are a major source of RANKL in vivo. 
Osteocytes also secrete OPG, which, as in osteoblasts, is regulated by the 
Wnt/β-catenin pathway. Mice lacking β-catenin in osteocytes are osteoporotic 
because of increased osteoclast numbers, but their osteoblast function is 
normal. Emerging evidence also points to osteocytes as an additional source 
of secreted M-CSF in bone. Together, these new findings suggest that osteocytes 
control the bone-remodeling process by regulating osteoclast and osteoblast 
differentiation and function.

bone matrix. Osteocyte bodies are individually encased in lacunae and exhibit 
cytoplasmic dendritic processes that run along narrow canaliculi excavated 
in the mineralized matrix. Osteocytes communicate with each other, with 
cells on the bone surface, and with cells of the bone marrow through 
gap junctions established between cytoplasmic processes of neighboring 
cells. Today it is accepted that osteocytes are the mechanosensory cells. 
Osteoblasts and osteoclasts are present on bone only transiently, in low 
number, and in variable locations. On the other hand, osteocytes are the 
most abundant resident cells and are present in the entire bone volume. 
Osteocytes are also the core of a functional syncytium that extends from 
the mineralized bone matrix to the bone surface and the bone marrow 
and all the way to the blood vessels. This strategic location permits the 
detection of variations in mechanical signals as well as in levels of circu-
lating factors and allows amplification of the signals leading to adaptive  
responses.

Osteocyte apoptosis: consequences and regulation
Osteocytes are long-lived cells. However, similar to osteoblasts and osteoclasts, 
osteocytes die by apoptosis, and decreased osteocyte viability accompanies 
the bone fragility syndromes that characterize glucocorticoid excess, estrogen 
withdrawal, and mechanical disuse.34 Conversely, preservation of osteocyte 
viability might explain at least part of the antifracture effects of bisphospho-
nates, which cannot be completely accounted for by changes in bone mineral 
density.46

Preservation of osteocyte viability by mechanical stimuli
Osteocytes interact with the ECM in the pericellular space through discrete 
sites in their membranes, which are enriched in integrins and vinculin, as 
well as through transverse elements that tether osteocytes to the canalicular 
wall. Loading of the bones induces ECM deformation and fluid flow through 
the canaliculi, producing tension in the tethering elements and strain on 
osteocyte membranes. The consequent integrin engagement leads to intracel-
lular signaling. Physiologic levels of mechanical strain imparted by stretching 
or pulsatile fluid flow prevent apoptosis of cultured osteocytes. Mechanotrans-
duction is accomplished by molecular complexes assembled at caveolin-rich 
domains of the plasma membrane and composed of integrins, cytoskeletal 
proteins, and kinases, including the focal adhesion kinase FAK and Src, 
which results in activation of the ERK pathway and osteocyte survival. 
Intriguingly, a ligand-independent function of the estrogen receptor is 
indispensable for mechanically induced ERK activation in both osteoblasts 
and osteocytes. This observation is consistent with reports that mice lacking 
estrogen receptor-α and estrogen receptor-β exhibit a poor osteogenic response 
to loading.

In vivo mechanical forces also regulate osteocyte life span. Apoptotic 
osteocytes are found in unloaded bones or in bones exposed to high levels 
of mechanical strain. In both cases, increased osteocyte apoptosis is observed 
before any evidence of increased osteoclast resorption. Apoptotic osteo-
cytes accumulate in areas subsequently removed by osteoclasts. Targeted 
ablation of osteocytes in transgenic mice is sufficient to induce osteoclast 
recruitment and resorption, leading to bone loss. These findings led to the 
notion that dying osteocytes become the beacons for osteoclast recruitment 
to the vicinity and the resulting increase in bone resorption.47 Whether 
living osteocytes continually produce molecules that restrain osteoclast 
recruitment or whether in the process of undergoing apoptosis osteocytes 
produce pro-osteoclastogenic signals remains to be determined. Taken together 
with the evidence that osteocyte apoptosis is inhibited by estrogens and 
bisphosphonates,46,48 these findings raise the possibility that preservation 
of osteocyte viability contributes to the ability of these agents to inhibit  
remodeling.

Osteocyte apoptosis and aging
One of the purported functions of the osteocyte network is to detect micro-
damage and trigger its repair. During aging, there is an accumulation of 
microdamage and a decline in osteocyte density accompanied by decreased 
prevalence of osteocyte-occupied lacunae, an index of premature osteocyte 
death. Age-related loss of osteocytes caused by apoptosis could be partially 
responsible for the disparity between bone quantity and quality that occurs 
with aging. The decline in physical activity and thus reduced skeletal loading 
with old age is a potential mechanism for the increased prevalence of osteocyte 
(and osteoblast) apoptosis, as is the loss of estrogen in women during and 
after menopause.

Hormonal regulation of osteocyte life span
Estrogen and androgen deficiency both lead to increased prevalence of 
osteocyte apoptosis. Conversely, estrogens and androgens inhibit apoptosis 
of osteocytes as well as osteoblasts.48 This antiapoptotic effect is due to 
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the canalicular system and secretion of the other Wnt antagonist Dkk-1 by 
osteocytes as well as osteoblasts influence the rate of bone formation, providing 
an additional level of control of osteoblast activity. Based on these lines of 
evidence, the BRC might provide a supportive environment for differentiation 
of osteoclast and osteoblast progenitors. Thus, regulation of the bone-
remodeling rate by hormonal and mechanical stimuli could be accomplished 
by controlling the balance between resorption and formation within the BRC 
through the regulation of osteocytic molecules, including sclerostin, RANKL, 
and OPG.

GROWTH, MODELING, REMODELING,  
AND REPAIR
Four dynamic processes are involved in skeletal development and adaptation. 
These are defined by the relationship of bone resorption and bone formation 
to each other (Table 3.1). These mechanisms include a coordinated system 
that first involves the activation (A) of cell populations followed by the 
resorption (R) of preexisting tissue and/or the formation (F) of new or 
replacement tissue. Bone growth serves to increase bone mass through bone 
formation. Resorption of bone is not part of the growth process, and the 
function of growth is only to increase mass, not to adapt the developing 
structure to its mechanical needs. Growth can occur on a substrate but may 
involve ossification directly from fibrous tissue (intramembranous bone 
formation) or by formation of a model with cartilage first and then replacement 
of the cartilage with bone (endochondral ossification). Modeling uses the 
tissue formed during the growth process to further increase bone mass and 
to shape its geometry to mechanical needs. Modeling occurs through the 
activation of cells followed by either formation or resorption. Formation 
and resorption are coordinated processes in modeling but do not occur 
sequentially on the same surface of bone. Remodeling, on the other hand, 
is defined by the sequential processes on the same bone surface of activation–
resorption–formation (the A-R-F sequence). The function of remodeling is 
bone maintenance, not increase in bone mass, and the removal of microdamage. 
Bone’s repair function, which restores its mechanical properties after a complete 
fracture or trabecular microfracture, usually occurs through the process of 
endochondral ossification, which forms a cartilage callus that also includes 
woven bone to bridge the fracture gap. This is eventually replaced through 
remodeling with replacement by lamellar bone.

Growth, modeling, and remodeling are present concurrently in all growing 
children. When skeletal maturity is reached, growth naturally stops. Modeling 
slows down or stops but may still be present at a reduced rate on trabecular 

Osteocytes and the bone-remodeling compartment
Lining cells play an important function in initiating bone remodeling by 
retracting from quiescent bone surfaces and allowing the formation of a 
canopy over osteoclasts and osteoblasts in the bone multicellular unit.53 On 
the endocortical surface, this canopy presumably encases bone marrow 
osteoblast precursors and is penetrated by blood vessels that provide hema-
topoietic osteoclast progenitors. The canopy, associated capillaries, osteocytes, 
osteoclasts, and osteoblasts form a compartment, the bone-remodeling 
compartment (BRC), which is separated from the rest of the marrow and 
which can sequester molecules that regulate the cells that remodel bone 
(Fig. 3.7). The signals that trigger lining cell detachment in a particular 
bone area are unknown. Premature apoptosis of osteocytes has been shown 
to precede osteoclast accumulation and resorption,47 which raises the possibility 
that osteocytes release molecules that induce lining cell retraction facilitating 
access of osteoclast precursors to bone surfaces. However, the molecular 
entities responsible for this purported osteocytic function remain unknown. 
As discussed earlier, osteocytes express M-CSF,54 which stimulates proliferation 
of preosteoclasts, and RANKL,55,56 the master cytokine inducer of osteoclast 
differentiation, both of which could reach the BRC. Growth factors released 
from the bone matrix upon resorption, in turn, stimulate osteoblastogenesis. 
It is also likely that osteocyte-derived sclerostin reaching the BRC through 
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FIG. 3.7 Osteocytes sense the need for bone resorption and send signals to lining cells, which retract from the bone 
surface to allow the formation of a canopy under which remodeling occurs, called the bone-remodeling compartment 
(BRC). Osteoclast precursors are transported to the BRC by marrow capillaries, differentiate to mature osteoclasts 
under the influence of pro-osteoclastogenic and antiosteoclastogenic cytokines (receptor activator of nuclear factor-κB 
ligand [RANKL], macrophage colony-stimulating factor [M-CSF], and osteoprotegerin [OPG]) derived from osteocytes, 
and initiate bone remodeling. Osteoblast precursors from the bone marrow or the circulation differentiate into 
mature, bone-synthesizing cells in response to factors released from the bone matrix by resorption. Differentiation 
and function of osteoblasts are controlled by molecules derived from osteocytes, including sclerostin and Dkk-1. 
(From Bellido T, Plotkin LI, Bruzzaniti A. Bone cells. In: Burr DB, Allen MR, editors. Basic and applied bone biology. 
San Diego: Academic Press; 2014, p. 27-46.)

Dynamic Processes of Skeletal Development and Adaptation

Process Mechanism Morphology Function
Growth F Woven, lamellar Increased mass
Modeling A-F Primary lamellar Net increased mass

or
Adaption of architecture

A-R Control of drift and  
curvature

Remodeling A-R-F Secondary lamellar 
(osteons, hemi-osteons)

Bone maintenance
Repair of microdamage
Prevention of bone loss

Repair F Woven Repair of fractures
Rapid mechanical  

adaptation

A, Activation; F, formation; R, resorption.

Table 3.1 

http://radiologyme.com/

http://radiologyme.com/


SECTION 1 Scientific Basis of Rheumatic Disease28

the wider joint surface continually be reshaped and narrowed as it moves 
down into the metaphysis and diaphysis. Modeling is a continuous and 
prolonged process—unlike remodeling, which is episodic—and involves a 
coordinated process of bone resorption on some surfaces, while other surfaces 
undergo bone formation. Bone modeling occurs on both periosteal and 
endocortical envelopes and sculpts bone shape while allowing for expansion 
of the marrow cavity and periosteal diameter of the diaphysis. At the  
metaphysis, this occurs by osteoclastic resorption on the periosteal surfaces. 
As growth continues, however, bone is added to the periosteal surface by 
osteoblasts and simultaneously removed from the endocortical surface by 
osteoclasts. This increases whole-bone diameter and expands the marrow 
cavity, necessary for the formation of blood. It serves a second purpose: to 
increase the mechanical strength of the bone while at the same time not 
increasing its mass or weight at the same rate. Bone curvature is also adjusted 
during growth through a process known as drift, in which the periosteal 
surface on one side of the bone undergoes apposition while the opposite 
periosteal surface undergoes resorption. Likewise, different portions of the 
endocortical surface form or resorb bone in coordination to maintain the 
cortical thickness of the diaphysis.

REMODELING
The quantum concept of bone-remodeling states that bone is replaced in 
packets through the coupled activity of osteoclasts and osteoblasts. Coupling 
between osteoclasts and osteoblasts is the reason that it was difficult for so 
many years to control the processes involved in bone loss. When bone 
resorption is suppressed, formation is also suppressed because these activities 
are linked by intercellular signaling mechanisms that are not fully understood. 
In remodeling, resorption and formation are coupled but in fact may not be 
balanced. Coupling and balance are not the same; whereas balance refers to 
the relationship between the amount of bone resorbed and the amount 
formed, coupling denotes only that the processes are linked in some way. 
Resorption and formation are in balance in the healthy skeleton, but when 
these are out of balance, the amount of bone that is resorbed can be either 
greater or less than the amount that is subsequently formed. Thus, even 
though cells are coupled, bone can be lost or added in several different ways 
based on the altered balance of resorption and formation. In actuality, one 
almost never finds a balance in favor of bone formation in a remodeling 
system, although this has been shown to occur with anabolic treatments for 
osteoporosis, such as the intermittent administration of recombinant human 
PTH(1-34) (Teriparatide).57 More often, the balance is in favor of resorption. 
This is the case in osteoporosis, in which global resorption is increased but 
formation at each of the erosion sites is normal or reduced, which leads to 
a deficit in bone mass.

This coupled system is termed a bone multicellular unit (BMU) because 
different cell populations are involved. A BMU typically consists of about 
10 osteoclasts and several hundred osteoblasts. When cut in longitudinal 
section, the BMU shows the sequential aspects of the A-R-F system and the 
various cell populations that are involved (Fig. e3.3). Each of the phases in 
this sequence is location, magnitude, and rate specific, so that alterations in 
the magnitude or timing of one can produce morphologic features characteristic 
of specific skeletal abnormalities (Fig. 3.9). Activation is initiated by chemical 
or mechanical signals but actually involves a series of events that include 
recruitment of precursor cells, differentiation and proliferation of cells, and 
migration to the site of activity. In humans, these processes take about 5 to 
10 days. Bone resorption by mature osteoclasts takes about 3 weeks at a 
given site, although osteoclasts moving longitudinally through bone at a 
rate of about 40 µm/day may live much longer than this. There is a period 
of reversal during which there is neither bone resorption nor formation; this 
may represent a period like the activation period during which osteoblasts 
are undergoing differentiation and proliferation from their precursors. This 
is followed by a period of bone formation that lasts about 3 months. As 
unmineralized bone—or osteoid—is laid down, it subsequently begins to 
mineralize, quickly at first, and then more slowly over the following year. 
This sequence of events occurs on all four skeletal envelopes (periosteal, 
endocortical, trabecular, and intracortical).

Changes in bone mass can occur simply through changes in activation 
frequency. Changes in activation frequency may lead only to transient changes 
in bone mass if resorption and formation are in balance. Early losses of bone 
mass solely caused by increased activation frequency may resolve after several 
months as the newly resorbed sites are refilled. Likewise, bone mass may 
change because some aspect of the recruitment, proliferation, migration, or 
differentiation of either osteoclasts or osteoblasts is interrupted. These changes 
may be manifested as alterations of resorption–formation balance but may 
be caused by activation defects during cell maturation.

surfaces and on the periosteal surface of the bone. At maturity, the predominant 
process is bone remodeling, which maintains the bone that has been formed 
and repairs microscopic damage that may be sustained in bone during normal 
daily activities. Dysfunction in the remodeling process is associated with the 
loss of bone found in osteoporosis.

GROWTH
Growth of bone occurs through two different skeletal processes, one involving 
formation of bone from fibrous membranes and the other involving the 
formation of a skeletal anlage, or model. Intramembranous bone formation 
occurs at centers of ossification via direct mineralization in highly vascular 
fibrous tissues through the action of mesenchymal cells. The calvaria of the 
skull is the best example of intramembranous bone formation, with the 
individual bones of the skull acting as centers that eventually grow together 
at the sutures. Apposition of bone on the periosteal surface of long bones 
also occurs through intramembranous ossification.

In the long bones, development generally occurs by the initial condensation 
of mesenchyme or hyaline cartilage in the form of the eventual skeletal 
structure. This cartilage model mineralizes over time and becomes detectable 
as a primary center of ossification. Some bones are formed from a single 
ossification center, although most of the long bones form secondary centers 
of ossification at the ends (epiphyses), which eventually fuse to the bone 
that developed from the primary ossification center (diaphysis) (Fig. e3.2). 
The secondary centers allow growth to occur at a cartilaginous growth plate 
until skeletal maturity in the late teens or (for the vertebral bodies) in the 
early part of the third decade of life. The growth plate slowly converts into 
primary spongiosa that becomes remodeled into lamellar trabecular plates 
in the metaphysis of the bone.

MODELING
Long bones must grow both in length and in diameter (Fig. 3.8). At the 
ends of the long bones—near the epiphyses—growth of bone demands that 

THE METAPHYSEAL CUTBACK THAT OCCURS THROUGH MODELING
PROCESSES DURING GROWTH TO SHAPE THE BONE

This bone removed
by modeling

Growth

Diaphysis

Metaphyseal cutback

Diaphyseal driftDiaphyseal enlargement

FIG. 3.8 During growth, metaphyseal bone is removed by modeling processes to 
shape the bone. Subsequent enlargement of the diaphysis occurs through direct 
periosteal apposition, which is often accompanied by resorption on the endocortical 
surface to enlarge the marrow cavity. Bone can also change its location and curvature 
through “drift.” Arrows indicate the direction of drift, with smaller circular cells 
representing osteoblasts and bone formation and larger ellipsoidal cells representing 
osteoclasts and bone resorption. (From Martin RB, Burr DB, Sharkey NA. Skeletal 
tissue mechanics. New York: Springer; 1998, p. 62, with permission.)

http://radiologyme.com/

http://radiologyme.com/

	Cover
	Rheumatology, 2-Volume Set
	Copyright Page
	Dedication
	Contributors
	Preface
	Acknowledgments
	1 Scientific Basis of Rheumatic Disease
	A. Anatomy and Physiology
	1 The synovium
	Key Points
	Definitions
	Embryology
	Structure
	Intimal Cells
	Synovial Macrophages
	Synovial Fibroblasts in the Stroma
	Intimal Matrix
	Vascular Net

	Cell Origins and Recruitment
	Function
	Maintenance of the Tissue Surface
	Lubrication
	Chondrocyte Health and Nutrition

	Synovium as a Target for Immune-Mediated Disease
	Summary
	Acknowledgement
	References

	2 The articular cartilage
	Key Points
	Overall Tissue Organization
	Aggrecan
	Collagen Fibrillar Networks
	Fibers With Collagen Type II as the Main Constituent
	Collagen type II and collagen type XI
	Collagen type XI
	Collagen type IX

	Molecules Regulating Collagen Fiber Assembly
	Cartilage oligomeric matrix protein
	Decorin
	Fibromodulin and lumican
	Other leucine-rich repeat proteins
	Heparin and heparan sulfate

	Fibers and Networks With Collagen Type VI as the Main Constituent
	Collagen type VI
	Biglycan and decorin
	Matrilins
	A module cross-linking to other matrix constituents


	Molecules Interacting at the Cell Surface and Modulating Chondrocyte Behavior
	Integrin Binding Proteins
	Chondroadherin
	Fibronectin

	Collagen and the Discoidin Domain 2–Containing Receptor
	Hyaluronan
	Ligands for Heparan Sulfate/Syndecans

	Other Molecular Functions
	Binding and Sequestering Growth Factors in the Extracellular Matrix
	Transforming growth factor-β
	Fibroblast growth factor

	Other Molecules in the Extracellular Matrix

	Fragments of Matrix Proteins Released During Cartilage Breakdown as Molecular Indicators of Disease
	Repair and Regeneration of Cartilage
	Replacing Cartilage
	Microfracture and Autologous Chondrocyte Implantation
	Stem Cells
	Tissue-Engineered Cartilage

	Acknowledgement
	References

	3 Bone structure and function
	Key Points
	Introduction
	Organization of Bone
	Macroscopic (Organ) Level
	Microscopic (Tissue) Level

	Composition of Bone
	Proteoglycans
	Osteocalcin
	Osteopontin
	Osteonectin
	Alkaline Phosphatases and Ectonucleotide Pyrophosphatase and Phosphodiesterases
	Thrombospondin 1 and 2
	Proteins Involved in Mineralization
	Fibroblast growth factor 23
	PHEX
	Dentin matrix protein-1
	Matrix extracellular phosphoglycoprotein

	Growth Factors
	Insulin-like growth factors
	Bone morphogenetic protein family
	Fibroblast growth factors
	Transforming growth factor-β
	Platelet-derived growth factor and vascular endothelial growth factor


	Bone Cells
	Osteoclasts
	Osteoclast morphology and function
	Osteoclast formation and differentiation
	Osteoclast apoptosis
	Regulation of osteoclast generation and survival

	Osteoblasts
	Osteoblast function
	Osteoblast formation and differentiation
	Osteoblast apoptosis
	Regulation of osteoblast generation and apoptosis

	Osteocytes
	Osteocyte apoptosis: consequences and regulation
	Preservation of osteocyte viability by mechanical stimuli
	Osteocyte apoptosis and aging
	Hormonal regulation of osteocyte life span
	Regulation of bone formation by osteocytes: sclerostin
	Osteocytes as mediators of the anabolic actions of canonical Wnt signaling in bone

	Regulation of bone resorption by osteocytes: RANKL and osteoprotegerin
	Osteocytes and the bone-remodeling compartment


	Growth, Modeling, Remodeling, and Repair
	Growth
	Modeling
	Remodeling
	Repair

	References

	4 Tendons and ligaments
	Key Points
	Introduction
	Classification of Disease
	Etiology of Tendinopathy, Enthesopathy, and Desmopathy
	Pathophysiology of Tendon and Ligaments
	Inflammation Activation Pathways Show Plasticity in Tendon Disease
	Pain and Neuropeptides
	Extracellular Matrix Turnover in Health and Disease

	Treatment of Tendon and Ligament Pathology
	Medical Treatments
	Surgical Treatments

	Conclusion
	Acknowledgement
	References

	5 Connective tissue responses to mechanical stress
	Key Points
	Introduction
	Mechanocoupling
	Mechanotransduction
	Mechanoreceptors
	Integrins
	Stretch-activated or stretch-sensitive ion channels
	Primary cilia
	The LINC complex


	Intracellular Signaling Pathways
	G Proteins
	Protein Kinase B/Akt
	Mitogen-Activated Protein Kinases and Nuclear Factor κB
	Signal Propagation and Regulation of Response
	Connexins
	Prostaglandins, Nitric Oxide, and Cyclic Nucleotides
	Cytokine and Growth Factors

	Conclusion
	References

	6 Biomechanics of peripheral joints
	Key Points
	Introduction
	Biomechanics of Whole Joints
	Whole-Joint Movement
	Statics and Dynamics
	Example of static analysis
	Limitations of static analysis

	Joint Lubrication
	Modes of lubrication
	Lubrication in diarthrodial joints


	Biomechanics of Tissues
	Structural and Material Properties
	Stress and Strain
	Viscoelasticity

	Acknowledgement
	References

	7 Biomechanics of spinal degeneration
	Key Points
	Introduction
	Forces Acting on the Spine
	Compression, Shear, Bending, and Torsion
	Gravitational Forces
	Inertial or Dynamic Forces
	Muscle Forces
	Intraabdominal Pressure
	Diurnal Variation
	Measurement of Spinal Loading in vivo

	Mechanical Function of the Spine
	Spinal Curvature
	Spinal Movements
	Intervertebral Disk Mechanics
	Resistance to Compression
	Resistance to Shear
	Resistance to Torsion
	Resistance to Bending

	Mechanisms of Spinal Injury
	Adaptation Versus Injury
	Fracture of the Vertebral Body Endplate
	Intervertebral Disk Herniation
	Ligament Injuries
	Spondylolysis and Spondylolisthesis
	Apophyseal Joint Injury
	Whiplash

	Biomechanics of Disk Degeneration
	Genetics of Disk Degeneration
	Middle-Aged Disks Are Most Vulnerable to Injury
	Disk Responses to Injury
	Two Disk Degeneration Phenotypes?
	Diskogenic Pain
	End-Stage Disk Degeneration
	Detecting and Quantifying Disk Degeneration

	Spinal Degenerative Cascade
	Segmental Instability
	Vertebral Body Osteophytes
	Apophyseal Joint Osteoarthritis
	Spinal Stenosis
	Degenerative Scoliosis
	Vertebral Deformity and Senile Kyphosis

	References

	8 Scientific basis of pain
	Key Points
	Nociception and Pain
	Types of Pain

	The Peripheral Basis of Pain
	Structure and Dual Function of Peripheral Nociceptors
	Sensory Function of Nociceptors
	Sensitization of Nociceptors (Peripheral Sensitization)
	Molecular Mechanisms of Peripheral Stimulus Transduction and Peripheral Sensitization
	Peripheral Mechanisms of Neuropathic Pain

	The Central Basis of Pain
	Nociceptive Spinal Cord Neurons
	Generation of the Conscious Pain Response in the Thalamocortical System
	Central Sensitization (Especially Spinal Sensitization)
	Neuroplasticity at the Thalamocortical Level
	Reduction of Endogenous Descending Pain Inhibition

	Conclusion
	References

	B. Immunology and Inflammation
	9 Principles of innate immunity
	Key Points
	Introduction
	Sensing by Innate Immunity
	Signaling Sensors
	Toll-like receptors
	Cytosolic signaling sensors

	Internalizing Sensors
	Lectin

	Soluble Sensors
	Complement system


	Phylogenetic Comparison of the Recognition System
	Critical Functions of Innate Immunity
	Induction of Inflammation
	Activation of Adaptive Immunity on Infection
	Antiviral Responses

	Molecular Mechanism of Sensor Signaling
	Sensors and Diseases
	Toll-Like Receptors and Autoimmunity
	Type I Interferonopathies
	Toll-Like Receptors and Metabolic Diseases
	NOD-Like Receptors and Inflammation

	Conclusion
	Acknowledgments
	References


	10 Principles of adaptive immunity
	Key Points
	Introduction
	The Adaptive Immune System
	Clonal Selection and Expansion of Lymphocytes
	Antigen Receptors of Lymphocytes
	Generation of Diversity of Antigen Receptors

	B Cells and Humoral Immunity
	Development of B Cells
	B-Cell Activation and Functions

	T Cells and Cell-Mediated Immunity
	Recognition of Antigens by T Cells
	Processing of Antigens for Presentation to T Cells
	T-Cell Development
	T-Cell Activation
	T-Cell Function

	Immunologic Tolerance and Autoimmunity
	Conclusion
	References

	11 Signal transduction in immune cells
	Key Points
	Introduction
	Membrane-Permeable Ligands That Bind Intracellular Receptors
	Steroid Hormone Receptors With Ligand-Binding, DNA-Binding, and Transactivation Domains
	Receptors With Intrinsic Enzymatic Activity
	Receptors That Associate With Enzymes
	Type I/II Cytokine Receptors
	Antigen Receptors and Fc Receptors: the Multichain Immune Recognition Receptor Family
	Tumor Necrosis Factor Receptor Superfamily

	Innate Recognition of Pathogens
	G Protein–Coupled Receptors
	Summary
	References

	12 Cytokines
	Key Points
	Introduction
	Interleukin-1 Receptor Family
	Ligand and Receptor Structure
	Family Members and Their Action
	Interleukin-1α and interleukin-1β
	Negative regulation of interleukin-1α and interleukin-1β
	Interleukin-18
	Interleukin-33
	Interleukin-36 members and interleukin-36 receptor antagonist
	Interleukin-37 and interleukin-38

	Signal Transduction

	Tumor Necrosis Factor Receptor Superfamily
	Ligand and Receptor Structure
	Tumor Necrosis Factor–Family Receptor Signaling
	Tumor Necrosis Factor Receptor Family Members and Their Actions

	Type I and II Cytokine Receptors: Hematopoietin and Interferon Receptors
	Cytokines That Use Glycoprotein 130: Interleukin-6 as a Prototype
	Cytokine Receptors Using the β Chain: Interleukin-3, Interleukin-5, and Granulocyte-Macrophage Colony-Stimulating Factor
	Cytokine Receptors Using the γ Chain: Interleukin-2, Interleukin-4, Interleukin-7, Interleukin-9, Interleukin-15, and Interleukin-21
	Homodimeric Receptors
	Heterodimeric Cytokines
	Interferons
	Interleukin-10 Family
	Signaling by Type I/II Cytokine Receptors
	Interleukin-17 Receptors

	Transforming Growth Factor-β Receptor Family Cytokines
	Signaling
	Receptor Tyrosine Kinases

	Other Cytokines
	Chemokines
	Ligand and receptor structure and function

	Family Members and Their Actions
	Chemokines and immune cell development
	Chemokines in lymphoid organs
	Sphingosine 1-phosphate
	Chemokines in inflammation and HIV infection
	Signaling


	References

	13 Inflammation and its chemical mediators
	Key Points
	Introduction
	The Cells of Inflammation
	Acute Versus Chronic Inflammation
	Endothelial Cell Activation and Leukocyte Adhesion
	Granulocytes
	Neutrophils
	Eosinophils, basophils, and mast cells
	Macrophages
	Lymphocytes
	Platelets
	Other links between coagulation and inflammation


	Inflammatory Mediators
	The Complement Cascade
	Lipid Mediators of Inflammation
	Arachidonic acid derivatives
	Cyclooxygenase products
	Prostaglandin E2
	Other prostaglandins
	Thromboxane A2

	Lipoxygenase products
	Platelet-activating factor
	Antiinflammatory lipids (resolvins, protectins, maresins)
	Vasoactive amines
	Histamine
	Serotonin

	Proteases
	Reactive oxygen species and nitric oxide
	Reactive oxygen species
	Nitric oxide
	Role of nitric oxide in rheumatic diseases



	The Nervous System in Inflammation
	Joint Innervation
	Autonomic Influences on Inflammation
	The parasympathetic nervous system: a largely antiinflammatory pathway
	Sympathetic nervous system
	Neuroendocrine mechanisms
	Peripheral nervous system
	Neuropeptides
	Substance P
	Calcitonin gene–related protein
	Neuropeptide Y
	Vasoactive intestinal peptide




	The Resolution of Inflammation
	Acknowledgements
	References

	14 The complement system
	Key Points
	Classical Pathway
	Mannose-Binding Lectin Pathway
	Alternative Pathway
	Anaphylatoxins
	Regulation of the Complement System
	Complement in Disease
	Complement in Autoimmunity
	Complement in Inflammatory Diseases

	Strategies for Therapeutically Targeting Complement
	Conclusions
	Acknowledgement
	References

	15 Neuroendocrine immune crosstalk in chronic inflammatory systemic diseases
	Key Points
	Introduction
	Hormonal and Neuronal Influence Before Disease Onset
	Hormones and Neurotransmitters After Disease Appearance
	Chronic Inflammatory Systemic Disease Influences the Endocrine and Nervous System After Disease Outbreak and Leads to Disease Sequelae
	Conclusions
	References

	16 Osteoimmunology
	Key Points
	Introduction
	Current Concepts in Osteoimmunology
	Osteoclasts as Triggers of Arthritic Bone Erosions
	Molecular and Cellular Mechanisms of Inflammatory Bone Erosion
	Intraarticular and Systemic Bone Loss in Rheumatic Disease
	Osteoimmunologic Aspects of Bone Formation in Rheumatic Disease
	Bone Marrow as a Niche for B-Cell Differentiation and Autoantibody Formation
	Conclusion
	References

	17 Tissue destruction and repair
	Key Points
	Introduction
	Proteolytic Pathways of Connective Tissue Breakdown
	Extracellular Proteolysis
	Matrix Metalloproteinases
	Synthesis and secretion
	Activation of proenzymes
	Inhibition of active enzymes

	ADAM and ADAMTS Proteinase Families
	Serine Proteinases

	Intracellular Pathways
	Osteoclastic Bone Resorption
	Model Systems of Cartilage Breakdown
	Proteinase-Deficiency in Murine Models of Arthritis
	Therapeutic Inhibition of Proteinases
	Repair of Connective Tissue Matrix
	Models of Matrix Repair
	References

	18 Principles of tissue engineering and cell- and gene-based therapy
	Key Points
	Introduction
	Tissue Engineering
	Autologous Chondrocyte Implantation
	Mesenchymal Stem Cells
	Intraarticular Injection of Mesenchymal Stem Cells
	Matrix-Guided Application of Mesenchymal Stem Cells
	Synthetic scaffolds
	Natural scaffolds
	Fabrication methods

	Trophic and Immunosuppressive Effects of Mesenchymal Stem Cells

	Gene Transfer Strategies
	Rheumatoid Arthritis
	Osteoarthritis

	References

	C. Systems Biology
	19 Principles and techniques in molecular biology
	Key Points
	Introduction
	The Human Genome Sequence and Biomedical Research
	Basic Manipulation of DNA: Cloning Vectors and Cutting and Pasting DNA Using Enzymes
	Polymerase Chain Reaction
	DNA Sequencing
	Gene Transcription
	Expression Profiling
	DNA Chip Microarrays
	Spotted DNA Microarrays
	Massively Parallel Sequencing of RNA

	Regulation of Gene Expression and Protein–DNA Interactions
	Analysis of Gene Function
	Genetic Manipulation of Mice
	Transgenic Mice
	Knockout Mice
	cre/lox-Directed Targeted Disruption

	Genome Editing and Programmable Nucleases
	Analysis of Proteins
	Proteomics
	Molecular Biology: the New Pathology for Practicing Rheumatologists?
	References


	20 Open Science for Sysems biology
	Key Points
	Introduction
	The Time to Simply Ignore Complexity Is Over
	DO “Single-Gene” or “Single-Factor” Diseases Actually Exist?
	So, Data Is a Core Asset (Really?)
	Is Open Access the Answer? (No, Not Enough)
	Carrots and Sticks

	Data Stewardship for Open Science
	“Modern” Science
	Modern Science Is “Open Science”

	Finally, Some More Details: Data Stewardship Starts With Even the Smallest “Data Object”
	What Exactly Should We Be a “Steward of”?
	The Role of Private Parties in Data Stewardship
	The Role of Private Players in Data Linking and “Zipping”

	References

	21 Proteomics
	Key Points
	What Is Proteomics?
	How Does a Mass Spectrometer Work?
	Main Proteomics Technologies
	Expression Proteomics
	Interaction Proteomics
	Thermal Shift Proteomics
	Posttranslational Modification Proteomics
	Yeast Two-Hybrid Assay
	Mammalian-Membrane Two-Hybrid Assay
	Protein chips


	How Can Proteomics Help Rheumatology?
	Outlook
	Acknowledgments
	References

	22 Metabolomics
	Key Points
	We Are What We Eat: Metabolism Has Driven Our Development
	Metabolism Underpins Musculoskeletal Function
	Inflammation Perturbs Metabolism
	Metabolism and Immune Inflammation
	Metabolism in Rheumatology
	Metabolomics
	Acquiring Metabolomics Data
	Making Sense of the Data
	Applications of Metabolomics in Rheumatology
	Osteoarthritis
	Rheumatoid Arthritis
	Metabolomics and Other Rheumatic Diseases

	Responses to Therapy
	Conclusions
	References

	23 Epigenetics
	Key Points
	What Is Epigenetics?
	The Basic Mechanisms
	Histone Modifications
	Histone acetylation
	Histone methylation and citrullination
	Histone SUMOylation

	DNA Modifications

	Epigenetics in Disease
	The Origin of Epigenetic Alterations
	Rheumatic Diseases and Epigenetic Changes
	Systemic lupus erythematosus
	Rheumatoid arthritis
	Other rheumatic diseases


	References

	24 The microbiome in rheumatic diseases
	Key Points
	Introduction
	The Microbiome
	Mucosal Barriers and Host-Immune Interactions
	Physiologic Intestinal Inflammation and Homeostasis in Health
	Dysbiosis as a Trigger for Autoimmunity

	Research Methods for Study of the Human Microbiome
	The Microbiome in Animal Models of Inflammatory Arthritis
	The Microbiome in Human Inflammatory Arthritis
	Spondyloarthritis
	Inflammatory Bowel Disease–Related Arthropathy
	Psoriasis and Psoriatic Arthritis
	Rheumatoid Arthritis and the Microbiome
	The intestinal microbiome in rheumatoid arthritis
	The oral microbiome in rheumatoid arthritis


	Pharmacomicrobiomics
	Conclusion
	References

	2 Clinical Basis of Rheumatic Disease
	25 Principles of epidemiology
	Key Points
	Introduction
	What Is Epidemiology?
	What Do We Do in Epidemiology?
	What Will Be Covered in This Chapter?
	How to Study and Define Populations

	Defining the Pieces of an Epidemiologic Study
	Defining Exposure
	Defining Outcome

	Descriptive Epidemiology
	Analytic Epidemiology
	Traditional Study Designs
	Other Study Designs

	Measures
	Some Notes About Measures and Modeling
	Bias
	Confounding
	Selection Bias
	Immortal Time
	Misclassification
	Generalizability

	Summary
	References


	26 Principles of clinical outcome assessment
	Key Points
	Introduction
	Clinical Outcome Assessment: a Conceptual Framework
	Fundamental Principles of Clinical Outcome Assessment
	Validity
	Face validity
	Content validity
	Construct validity
	Criterion validity

	Reliability
	Responsiveness (Sensitivity to Change)

	Statistical Issues
	Outcome Assessment Measures for Musculoskeletal Disorders
	Pain
	Impairment, Ability/Disability, and Participation/Handicap
	Impairment
	Ability/disability
	Performance-based measures
	Capacity-based measurement

	Participation/handicap
	Workplace productivity
	Global assessments



	Multidimensional Health Status Instruments
	Assessment of Adverse Reactions
	Measurement in Clinical Trials
	Rheumatoid Arthritis
	Osteoarthritis
	Ankylosing Spondylitis
	Psoriatic Arthritis
	Systemic Lupus Erythematosus
	Systemic Sclerosis
	Behçet Disease
	Sjögren Syndrome
	Polymyalgia Rheumatica
	Inflammatory Myopathies
	Vasculitis
	Osteoporosis
	Low Back Pain
	Fibromyalgia

	Outcome Measurement in Routine Clinical Practice
	References

	27 Principles of health economics
	Key Points
	Introduction
	Concepts of Health Economic Analysis
	Types of Costs
	Perspectives
	Types of Economic Analysis
	Cost analysis
	Cost–benefit analysis
	Cost-effectiveness analysis
	Cost–utility analysis

	Quality of Life
	Time Horizon and Discounting
	Reference Case
	Health Technology Assessment
	Decision Analysis Modeling
	Cost Effectiveness
	Budgets

	Economic Applications in Rheumatic Diseases
	Rheumatoid Arthritis
	Osteoarthritis
	Osteoporosis

	Conclusion
	References

	28 Principles of genetic epidemiology
	Key Points
	Introduction
	Complex Rheumatic Diseases
	Rationale for Investigating the Genetic Basis of Rheumatic Diseases
	Approaches for Identifying Disease Genes
	Association Studies
	Selection of cases and control participants
	Power and effect sizes
	Selection of genetic markers
	Analysis and interpretation of results


	Successful Examples of Candidate Association Studies
	Protein Tyrosine Phosphatase N22

	Whole-Genome Association Studies of Rheumatologic Conditions
	New Horizons
	References

	29 Interpreting the medical literature for the rheumatologist
	Key Points
	Introduction
	Levels of Evidence
	Randomized Controlled Trials or Observational Studies?
	Critical Appraisal I: Issues Pertaining to Randomized Controlled Trials
	Internal Validity and External Validity
	Efficacy Versus Effectiveness
	Superiority Trials and Noninferiority Trials
	Statistical Power
	Intention-to-Treat Analysis
	Subgroup Analyses

	Critical Appraisal II: Issues Pertaining to Observational Studies
	Types of Cohorts
	Healthy cohorts
	Clinical cohorts

	Selection Bias
	Left-censorship bias
	Right-censorship bias
	Confounding by indication


	Critical Appraisal III: Issues Pertaining to Randomized Controlled Trials and Observational Studies
	Generalizability
	Missing Data
	Data Interpretation
	The Statistical Test

	Conclusion
	References

	30 Ethics in clinical trials
	Key Points
	General Ethical Principles
	What Is Ethical Research?
	Ethical Considerations in Clinical Trials
	Randomized Controlled Trials
	Conflict of Interest
	Case Studies
	References

	31 European biologics registers
	Key Points
	Introduction
	Lessons Learned From the European Registers
	Effectiveness in Daily Practice
	Response rates
	Drug survival
	Mono- and combination therapy
	Switching therapies

	Safety of Biologic Agents
	Bacterial infections
	Cardiovascular morbidity and overall mortality
	Malignancies
	Miscellaneous


	Summary and Conclusions
	References

	3 Approach to the Patient
	32 History and physical examination
	Key Points
	Introduction
	Screening Assessment
	Screening History
	Screening Examination

	Assessing a Musculoskeletal Problem
	Aims and Key Principles
	The Consultation to Assess a Musculoskeletal Problem: Key Components
	History
	What are the symptoms?
	Pain
	What are the site and distribution of the pain?
	What are its characteristics?
	What precipitates, worsens, or improves the pain?

	Stiffness
	Swelling and deformity
	Weakness and instability
	Loss of movement or function
	Fatigue and malaise
	Anxiety and depression

	What are the mode of onset, pattern, and chronology of the various symptoms?
	Associated symptoms, preceding factors, red flags, and other clues
	Previous health interventions and symptom response
	What is its impact?
	Social history and occupation

	Examination
	General examination
	Regional examination of the musculoskeletal system
	Gait
	Posture

	Identifying and characterizing any abnormalities
	Inflammation
	Damage
	Deformity
	Biomechanical abnormalities
	What other features are of diagnostic importance?

	Method of examination
	Look
	Attitude and spontaneous movement
	Swelling and deformities
	Skin
	Wasting

	Feel
	Warmth
	Tenderness
	Swelling

	Move
	Stress
	Special tests


	Documentation


	Interpretation
	Joint problems
	Regional pain problems
	Generalized pain problems
	Neck or back problems
	Muscle problems
	Bone disorders
	Systemic problems with musculoskeletal symptoms
	Communicating the findings

	References


	33 Laboratory tests in rheumatic disorders
	Key Points
	Introduction
	Laboratory Tests in Rheumatic Diseases
	Blood Cell Counts
	White blood cells
	Platelets
	Red blood cells


	Biochemical Testing
	Liver Function Tests
	Alkaline Phosphatase
	Kidney Function Tests and Urinalysis
	Uric acid
	Calcium and vitamin D
	Acute-phase reactants


	Serologic Testing
	Autoantibodies
	Rheumatoid factor
	Antibodies to citrullinated protein and peptide antigens
	Antinuclear antibodies
	Anti–double-stranded DNA antibodies
	Anti–Sm and anti–U1 ribonucleoprotein antibodies
	Anti–Ro (SS-A) and anti–La (SS-B) antibodies
	Anticentromere and anti–Scl-70 antibodies

	Antiphospholipid antibodies
	Antineutrophil cytoplasmic antibodies

	Complement

	Conclusion
	References

	34 Synovial fluid analysis
	Key Points
	Introduction
	Normal Synovial Fluid
	Synovial Fluid in Diseased Joints
	Synovial Fluid Microscopy

	The Basic Approach to Synovial Fluid Microscopy
	Visual Inspection
	Color
	Clarity

	Nucleated Cell Count
	“Wet Preparation”
	Classes of crystalline material
	Noncrystalline particles
	Ragocytes

	Cytocentrifuge Preparation

	The Place of Synovial Fluid Microscopy in Diagnosis
	The Diagnosis of Intraarticular Infection
	Septic Arthritis
	Nonbacterial Infections
	Future Techniques

	Chemical Changes in the Synovial Fluid in Disease
	References

	35 The skin in rheumatic disease
	Key Points
	Introduction
	Approach to the Patient
	Major Systemic Connective Tissue Disorders
	Systemic Lupus Erythematosus
	Dermatomyositis
	Systemic Sclerosis
	Sjögren Syndrome (Mikulicz Disease, Sicca Syndrome)

	Other Systemic Rheumatic Diseases
	Rheumatoid Arthritis
	Systemic-Onset Juvenile Rheumatoid Arthritis (Juvenile Rheumatoid Arthritis, Juvenile Chronic Arthritis, Still Disease)
	Relapsing Polychondritis (Atrophic Polychondritis, Systemic Chondromalacia, Polychondropathia)
	Psoriatic Arthritis

	References

	36 The eyes in rheumatic disease
	Key Points
	Introduction
	Uveitis
	Management

	Scleral Disease
	Management

	Retinal Vascular Disease
	Optic Nerve Disease
	Orbital Disease
	Corneal Disease
	Keratoconjunctivitis Sicca

	References

	37 The heart in rheumatic disease
	Key Points
	Introduction and Overview
	Coronary Artery Disease
	Prevention of Coronary Events in Rheumatologic Conditions

	Atypical Coronary Disease in Systemic Autoimmune Rheumatic Disease
	Coronary Arteritis
	Functional Coronary Artery Disorders
	Hypertension
	Heart Failure and Direct Myocardial Involvement
	Valvular Heart Disease
	Pericarditis
	Arrhythmias
	Pulmonary Hypertension
	Medication and the Heart
	Conclusion
	References

	38 The lungs in rheumatic disease
	Key Points
	Introduction
	Interstitial Lung Disease
	Pathologic and Radiologic Features in Interstitial Lung Disease

	Evaluation of Patients With Interstitial Lung Disease in the Rheumatic Diseases
	Radiographic Studies
	Pulmonary Function Testing
	Bronchoscopy
	Surgical Lung Biopsy
	Ancillary Studies

	Lung Involvement in Rheumatic Diseases
	Systemic Sclerosis
	Rheumatoid Arthritis
	Dermatomyositis and Polymyositis
	Systemic Lupus Erythematosus
	Sjögren Syndrome
	Drug-Induced Lung Injury
	Lung and Vasculitic Syndromes

	Treatment of Interstitial Lung Disease Associated With the Rheumatic Diseases
	Conclusion
	References

	39 The gastrointestinal tract in rheumatic disease
	Key Points
	Introduction
	Inflammatory Bowel Disease: Crohn Disease and Ulcerative Colitis
	Extraintestinal Manifestations of Inflammatory Bowel Disease
	Peripheral Arthritis Associated With Inflammatory Bowel Disease
	Axial Arthritis Associated With Inflammatory Bowel Disease

	Bacterial Enteritis
	Celiac Disease
	Whipple Disease
	Polyarteritis Nodosa
	Henoch-Schönlein Purpura
	Behçet Syndrome
	Microscopic Colitis
	Conclusion
	References

	40 The kidneys and rheumatic diseases
	Key Points
	Introduction
	Approach to Patients With Rheumatologic Disease and Suspected Renal Involvement
	Renal Dysfunction
	Evaluation of Renal Disease
	Renal Function
	Kidney Function Testing
	Plasma creatinine measurement
	Glomerular filtration rate measurement and formulas
	Proteinuria
	Overflow proteinuria
	Tubular proteinuria
	Glomerular proteinuria
	Measurement of proteinuria

	Hematuria
	Other Urinary Microscopic Findings
	Renal Tubular Dysfunction
	Hypocomplementemia and Kidney Disease
	Renal Imaging
	Kidney ultrasonography
	Assessment of the renal vasculature

	Kidney Biopsy
	Indications

	Patterns Seen on Immunofluorescence Microscopy
	Interpretation
	Terminology


	Rheumatologic Diseases Affecting the Kidneys (Table 40.3)
	Systemic Lupus Erythematosus
	Mixed Connective Tissue Disease
	Rheumatoid Arthritis
	Sjögren Syndrome
	Relapsing Polychondritis
	Behçet Disease
	Polyarteritis Nodosa
	Anca-Associated Vasculitides
	Essential Mixed Cryoglobulinemia
	Henoch-Schönlein Purpura
	The “Seronegative Spondyloarthritis” (Ankylosing Spondylitis, Reactive Arthritis)
	Progressive Systemic Sclerosis (Scleroderma)
	Nephrogenic Systemic Fibrosis
	Amyloidosis
	Gout
	Antiphospholipid Syndrome
	Renal Lesions With Other Rheumatic Diseases

	Pharmacologic Nephrotoxicity Associated With Drugs Commonly Used in Rheumatology
	Nonsteroidal Antiinflammatory Drugs
	Functional effects

	Interstitial Nephritis and Nephrotic Syndrome
	Allergic interstitial nephritis
	Nephrotic syndrome
	Analgesic nephropathy and papillary necrosis

	Calcineurin Inhibitors: Cyclosporine and Tacrolimus
	Acute kidney injury
	Hypertension
	Chronic kidney disease
	Hemolytic-uremic syndrome


	Rheumatologic Complications of Kidney Disease
	Disease-Modifying Antirheumatic Drugs and Biological Agents
	Etiologic Factors Specific to Kidney Failure and Their Associated Rheumatic Syndromes
	β2-Microglobulin amyloidosis
	Calcium, phosphorus, and parathyroid hormone derangements
	Oxalate deposition
	Calcium pyrophosphate dihydrate deposition disease
	Hydroxyapatite arthropathy

	Clinical Features of Renal Bone Disease
	Renal osteodystrophy
	Other arthropathies in dialysis patients

	Rheumatologic-Associated Issues in Postrenal Transplantation
	Metabolic bone disease
	Calcineurin-induced pain syndrome

	Renal Replacement Therapy With Transplantation

	Acknowledgment
	References

	41 The nervous system in rheumatic disease
	Key Points
	Introduction
	Evaluation of the Peripheral Neuropathies in Systemic Rheumatic Diseases
	Classification and Initial Diagnostic Approach to Peripheral Neuropathies

	Peripheral Nervous System Manifestations of Vasculitis
	Presentations of Vasculitic Neuropathies
	Mononeuritis multiplex

	Diagnosis
	Electrodiagnostic studies
	Nerve and muscle biopsy
	When to perform a nerve and muscle biopsy
	Which nerves and muscle groups to biopsy
	Sensitivity of a nerve and muscle biopsy


	Pathophysiology
	Neurologic Complications of Specific Vasculitides
	Treatment of Vasculitic Neuropathies

	Peripheral Nervous System Manifestations of Sjögren Syndrome
	Classification of Peripheral Neuropathies in Sjögren Syndrome
	Axonal neuropathies
	Mononeuritis multiplex
	Sensory neuronopathies
	Small-fiber neuropathies
	Other neuropathies
	Diagnostic evaluation, etiopathogenic relationship, and therapeutic options


	Peripheral Nervous System Manifestations of Rheumatoid Arthritis
	Peripheral Nervous System Manifestations IN SCLERODERMA AND MIXED CONNECTIVE TISSUE DISEASE
	Neuropsychiatric Systemic Lupus Erythematosus
	Syndromes that are currently included in the ACR NPSLE case definitions but potentially are not part of the spectrum of NPSLE
	Syndromes that are not currently included in the ACR NPSLE case definitions but are part of the spectrum of NPSLE
	Syndromes that are currently included in the ACR NPSLE case definitions and are part of the spectrum of NPSLE

	Treatment of Systemic Lupus Erythematosus Neuropathies
	Central Nervous System Manifestations of Systemic Lupus Erythematosus
	Syndromes that are included in the ACR NPSLE case definitions but may not be part of the spectrum of NPSLE
	Syndromes that are not included in the ACR NPSLE criteria but likely are part of the spectrum of NPSLE
	Prevalence, spectrum, disease attribution, and immunologic features of CNS syndromes included in the ACR NPSLE criteria
	Strokes
	Seizures
	Cognitive impairment
	Psychosis
	Other CNS manifestations


	Diagnostic Evaluation
	Diagnostic and Mechanistic Implications of the Association of Antibodies With Central Nervous System Syndromes
	Antiphospholipid antibodies
	Anti–ribosomal P protein and anti–N-methyl-d-aspartate antibodies


	Mechanisms of Central Nervous System Neuropsychiatric Manifestations of Systemic Lupus Erythematosus
	Therapeutic Strategies in the Treatment of Neuropsychiatric Systemic Lupus Erythematosus
	Diffuse Central Nervous System Syndromes
	Frequently occurring diffuse CNS syndromes that are not specific to Sjögren syndrome compared with the general population
	Infrequently occurring diffuse CNS syndromes that may be more specific to Sjögren syndrome
	Cognitive impairment in Sjögren syndrome: uncertain aspects of disease specificity


	Central Nervous System Manifestations of Rheumatoid Arthritis
	Demyelinating Syndromes in Rheumatic Diseases: Distinction From Multiple Sclerosis
	Conclusion
	References

	42 The skeletal muscles in rheumatic disease
	Key Points
	Introduction
	Skeletal Muscle Anatomy and Architecture
	Normal Muscle Contractile Function
	Contractile Dysfunction in the Rheumatic Diseases
	Centrally Derived Dysfunction
	Neuromuscular Junction Dysfunction
	Peripherally Mediated Dysfunction
	Rheumatoid cachexia
	Idiopathic inflammatory myopathies
	Metabolic myopathies


	Clinical Assessment of Skeletal Muscle
	Neurophysiology
	Muscle Biopsy
	Magnetic Resonance Imaging
	Manual Muscle Testing

	References

	43 Multimorbidity
	Key Points
	Introducing the Concept of Multimorbidity
	Conceptual Difference Between Comorbidity and Multimorbidity
	Concept of comorbidity
	Concept of multimorbidity

	Assessment of Multimorbidity

	Prevalence of Multimorbidity
	Impact of Multimorbidity
	Health Economic Implications
	Mortality
	Disease-Related Outcomes

	Impact of Distinct Morbid Conditions
	Cardiovascular Disease
	Cancer
	Other Important Morbid Conditions

	Conclusion
	References

	44 Aspiration and injection of joints and periarticular tissue and intralesional therapy
	Key Points
	Indications for Aspirating or Injecting Musculoskeletal Tissues
	Aspiration of Fluid for Diagnostic or Therapeutic Purposes
	Key Practice Issues
	Procedure
	Blind aspiration
	Ultrasound-guided aspiration and injection


	Aftercare

	Contraindications
	Corticosteroid Injections
	Complications of corticosteroid injections


	Other Therapeutic Injections
	Viscosupplementation
	Synoviorthesis
	Other Injections

	Wrist and Hand
	Finger and Metacarpophalangeal Joints
	First Carpometacarpal Joint
	Wrist (Radiocarpal and Midcarpal Joints, Distal Radioulnar Joint)
	Trigger Finger and Trigger Thumb
	Digital Flexor Tenosynovitis
	Carpal Tunnel Syndrome
	De Quervain Tenosynovitis
	Wrist Extensor Tenosynovitis
	Ganglia

	Elbow Region
	Elbow (Joint)
	Olecranon Bursa
	Lateral Epicondylar Syndrome, or Tennis Elbow, and Medial Epicondylar Syndrome, or Golfer’s Elbow

	Shoulder Region
	Shoulder (Glenohumeral Joint)
	Acromioclavicular Joint
	Subacromial Bursa
	Rotator Cuff Calcific Tendinitis
	Long Head of the Biceps Brachii Tendon

	Hip Region
	Hip Joint
	Iliopsoas Bursa
	Trochanteric Syndrome

	Knee Region
	Knee (Joint)
	Baker Cyst
	Medial Knee Pain and Pes Anserinus Syndrome

	Ankle and Foot
	Ankle (Joint)
	Subtalar Joint
	Metatarsophalangeal Joints
	Retrocalcaneal Bursa
	Posterior Tibialis Tendon Sheath
	Plantar Fascia Calcaneal Enthesis
	Intermetatarsal Bursae
	Morton Neuroma

	Intralesional Corticosteroid Treatment
	Acknowledgments
	References

	45 Minimally invasive procedures
	Key Points
	Introduction
	Arthrocentesis
	Biopsies
	Skin and Subcutaneous Tissue
	Abdominal Fat Pad Fine-Needle Aspiration
	Biopsy of the Temporal Artery
	Muscle and Fascia
	Salivary Gland
	Synovium
	Arthroscopic Biopsy

	Arthroscopic Joint Lavage
	Ultrasound-Guided Synovial Biopsy
	Acknowledgment
	References

	4 Evaluation of the Patient: Imaging Techniques
	46 Conventional radiography and computed tomography
	Key Points
	Conventional Radiography
	Uses
	Projection views
	Hand and wrist
	Sacroiliac joints
	Knees

	Choice of Joints
	Techniques and Physics
	Magnification radiography
	Digital radiography
	Computerized x-ray image analysis methods (computer-aided analysis)
	Interventional techniques


	Computed Tomography
	Multidetector Computed Tomography
	Applications in Rheumatology
	Bone
	Peripheral and axial joints
	Soft tissues and vessels

	Dual-Energy Computed Tomography

	References


	47 Functional magnetic resonance imaging
	Key Points
	Introduction
	Basic Principles
	T2 Relaxation
	T1 Relaxation
	Magnetic Resonance Imaging Contrast

	Image Quality
	Conventional Magnetic Resonance Imaging Methods
	Two-Dimensional Fast Spin-Echo Imaging
	Three-Dimensional Gradient-Echo Techniques

	Advanced Magnetic Resonance Imaging Techniques
	Dual-Echo Steady-State Imaging
	Driven Equilibrium Fourier Transform Imaging
	Balanced Steady-State Free Precession Imaging
	Three-Dimensional Fast Spin-Echo Imaging
	High-Field Magnetic Resonance Imaging
	Cartilage Thickness and Volume Mapping
	Magnetic Resonance Imaging to Demonstrate Physiologic Activity
	Contrast-enhanced imaging
	T2 relaxation time mapping
	T1rho mapping
	Delayed contrast-enhanced imaging
	Sodium magnetic resonance imaging


	Conclusion
	References

	48 Musculoskeletal ultrasonography
	Key Points
	Introduction
	Musculoskeletal Ultrasound Imaging
	Basic Principles of Ultrasonography
	Ultrasound Equipment
	Education and Training
	Standard Views and Artifacts
	Anisotropy
	Refractile shadowing and edge artifact
	Acoustic shadowing
	Acoustic enhancement
	Reverberation
	Power Doppler scanning technique artifacts
	Doppler imaging artifacts


	Musculoskeletal Ultrasonography in Rheumatology
	Synovial Tissue and the Synovial Joint
	Tendon and Enthesis
	Dactylitis
	Muscle
	Bone Erosion and Osteophyte
	Cartilage
	Soft Tissue Calcification and Crystal-Induced Arthritis
	Noninflammatory Soft Tissue Disorders
	Spine and Sacroiliac Joint
	Intervention

	Nonmusculoskeletal Tissue Ultrasonography in Rheumatology
	Peripheral Nerves
	Vasculitis
	Parotid and Salivary Glands
	Skin

	Conclusion
	References

	49 Bone scintigraphy and positron emission tomography
	Key Points
	Introduction
	Bone Scintigraphy
	Principles
	Single-photon emission computed tomography

	Uses
	Use of Other Tracers

	Positron Emission Tomography
	Background
	Uses
	Positron Emission Tomography/Computed Tomography
	Applications of 18F-Fluorodeoxyglucose Positron Emission Tomography in Inflammatory Diseases
	Large-vessel vasculitis
	Systemic lupus erythematosus
	Sarcoidosis
	Arthritis
	Fever of unknown origin
	IgG4-related disease


	Practical Issues
	References

	50 Use of imaging as an outcome measure in clinical trials
	Key Points
	Introduction
	General Aspects for Clinical Trials
	Different Phases of Drug Development
	Readers
	Assessment of Reader Agreement
	Grouping of Films—Read Sessions
	Blinding Time Sequence
	Presentation of Data
	Statistical Handling of Missing Data
	Statistical Analyses
	Minimum Duration of Trial
	Placebo Versus Active Comparator

	Rheumatoid Arthritis
	Conventional Radiography
	Films of hands and feet

	Scoring Methods
	Sharp’s method
	Genant’s modification of Sharp’s method
	van der Heijde’s modification of Sharp’s method

	Magnetic Resonance Imaging and Ultrasonography
	Magnetic resonance imaging sum scores
	Ultrasonography


	Psoriatic Arthritis
	Conventional Radiography
	Typical lesions and site of lesions

	Scoring Methods
	Psoriatic arthritis scoring method based on the Sharp scoring method for rheumatoid arthritis
	Sharp–van der Heijde modified scoring method for psoriatic arthritis

	Magnetic Resonance Imaging and Ultrasonography

	Axial Spondyloarthritis
	Conventional Radiography
	Scoring methods
	Assessment of the spine
	Modified Stoke Ankylosing Spondylitis Spine Score


	Magnetic Resonance Imaging and Ultrasonography
	Scoring methods
	Sacroiliac joints
	Spine



	References

	51 Dual x-ray absorptiometry and measurement of bone
	Key Points
	Introduction
	Diagnosis of Osteoporosis
	Skeletal Sites to Measure
	Using Non–Dual X-Ray Absorptiometry Technologies for Osteoporosis Diagnosis
	Technical Aspects of DXA
	Indications for Bone Mineral Density Testing

	Vertebral Fracture Assessment
	Fracture Risk Assessment
	Bone Mineral Density
	Clinical Risk Factors and Fracture Risk Assessment Tool 10-Year Fracture Risk Tool
	Bone Turnover Markers
	Other Modalities for Fracture Risk Assessment
	Quantitative ultrasonography
	Quantitative computed tomography
	Vertebral fracture assessment


	Monitoring of Therapy
	Quantitative Computed Tomography and Peripheral Computed Tomography
	Quantitative Ultrasonography
	Biochemical Bone Turnover Markers
	Bone Turnover Markers After Discontinuing Therapy

	Evaluation of Cortical and Trabecular Bone
	High-Resolution Peripheral Quantitative Computed Tomography
	Finite Element Analysis
	High-Resolution Magnetic Resonance Imaging
	Bone Material Strength as Measured by Microindentation

	Bone Biopsy
	Conclusion
	References

	5 Principles of Management
	A. General
	52 The patient perspective
	Key Points
	Introduction
	Patient-Centered Care
	Holistic Approach
	Patient-Reported Outcomes
	Shared Decision Making
	Self-Management
	Multidisciplinary Team Care
	Organization of Care
	Patient Education

	Conclusion
	References

	53 Treatment recommendations and “treat to target”
	Key Points
	General Treatment Approaches to Rheumatic Diseases
	Taking an Integrated Chronic Disease Management Approach
	Definition of chronic disease management
	Multidisciplinary team-based care
	Treating the whole patient: assessing and addressing comorbidities

	Incorporating Patient Preferences Through Shared Decision Making

	Treat-to-Target Concept
	Treat to Target for Rheumatoid Arthritis
	Treat to Target for Psoriatic Arthritis
	Treat to Target for Axial Spondyloarthritis
	Treat to Target for Systemic Lupus Erythematosus
	Treat to Target for Osteoarthritis
	Treat to Target for Gout

	References

	54 Arthritis patient education, self-management, and health promotion
	Key Points
	Introduction
	Patient Education During the Clinical Encounter
	Research on Provider–Patient Communication in Arthritis
	Factors Affecting Patient Adherence to Treatments
	Designing Patient Education Self-Management Programs
	Adult Learners
	Content of Arthritis Education and Self-Management Programs
	Importance of Health Literacy and Cultural Considerations in Patient Education

	Evidence for the Effectiveness of Self-Management Education Programs
	Team Care, Team Roles, and Approaches to Management
	Public Health Approaches to Education of Patients With Arthritis
	Technology and the Future of Arthritis Patient Education
	References

	55 Principles of rehabilitation
	Key Points
	Rehabilitation and Its Role in People With Disability Caused by Rheumatic Diseases
	Rehabilitation Adopts a Biopsychosocial Approach to Patients and Their Needs
	Patient-Centered Care Is a Central Tenet of Rehabilitation
	Education of Patients and Caregivers Is Important to Facilitate Self-Management and Adherence to Treatment Recommendations
	Adherence to an Individualized Structured Exercise Program Is Fundamental to Self-Management
	Patients Should Be Encouraged and Supported to Maintain or Increase Their General Physical Activity Levels
	Aids, Adaptive Devices, and Environmental Modifications Can Maximize Functional Independence

	Joint Protection and Energy Conservation Are Important to Minimize Symptoms
	Occupational Rehabilitation Is Important for Patients of Working Age
	Regular Monitoring and Follow-Up Are Important
	References

	56 Multidisciplinary approaches to managing chronic pain in arthritis
	Key Points
	Introduction
	Prevalence of Pain in Musculoskeletal and Rheumatologic Conditions
	Measurement of Pain
	Psychological Factors and Pain
	Psychological Factors Associated With Outcome
	Interventions

	Physical Activity for the Relief and Self-Management of Pain
	Lifestyle Management of Rheumatologic Pain
	Joint Protection Programs
	Arthritis Self-Management Programs
	Splinting for the Painful Hand
	Sleep
	Activity Pacing
	Relaxation
	Work

	Patient Education and E-Health
	Novel Interventions for Pain Relief
	Graded Motor Imagery Programme
	Visual Illusions

	Conclusion
	References

	57 Placebos, caring, and healing in rheumatology
	Key Points
	Introduction
	Context and Complexity
	Clinical Trials and the Placebo and Nocebo Responses
	Nocebo Effects and the Importance of Anxiety
	The Science of the Placebo and Nocebo Responses

	Caring and Relationships
	The Science of Caring
	Compassion, empathy, and validation
	The nurturing response


	Health, Suffering, Health Belief, Stories, and Meaning
	Transformational Change and the Healing Response
	The Science of Healing

	Conclusion
	References

	58 Complementary and alternative medicine
	Key Points
	Overview
	Who Seeks Complementary and Alternative Medicine and Why
	Widely Used Complementary and Alternative Medicine Systems and Their Therapies
	Traditional Chinese Medicine and Acupuncture
	Philosophy and history
	Treatment
	Evidence

	Herbal Medicine
	Philosophy and history
	Treatment
	Evidence
	Capsaicin
	Devil’s claw
	Ginger
	Boswellia serrata


	Nutraceuticals and Dietary Supplements
	Glucosamine sulfate and chondroitin sulfate
	S-adenosylmethionine
	Essential fatty acids
	Avocado/soybean unsaponifiables

	Homeopathy

	Referral and Professional Practice
	References

	59 Drugs and pregnancy
	Key Points
	Introduction
	Pregnancy
	Rheumatic Diseases and Pregnancy

	Aspirin and Other Nonsteroidal Antiinflammatory Drugs
	Glucocorticoids
	Antimalarials
	Sulfasalazine
	Immunosuppressive Agents
	Azathioprine
	Cyclosporine
	Mycophenolate Mofetil

	Tacrolimus
	Methotrexate
	Leflunomide
	Cyclophosphamide
	Intravenous Immunoglobulin
	Tumor Necrosis Factor-α Blockade and Inhibitors
	Rituximab, Biologics, and Small Molecules
	Conclusion
	References

	60 Perioperative care of patients with rheumatic disease
	Key Points
	Indications for Orthopedic Surgery
	The Preoperative Evaluation
	History and Physical Examination
	Laboratory Studies
	Assessment of Operative Risk
	Patient-specific risk prediction
	Epidemiologic risk prediction

	Anesthesia in Patients With Rheumatic Disease

	Perioperative Considerations With Rheumatic Conditions
	Rheumatoid Arthritis
	Spondyloarthritis
	Systemic Lupus Erythematosus

	Cardiac Disease
	Pulmonary Disease
	Chronic Glucocorticoid Therapy
	Prevention of Postoperative Infection
	Specific Problems in Patients With Rheumatic Disease
	Antiphospholipid Syndrome

	The Cervical Spine
	Immunosuppressive and Antiinflammatory Therapy

	References

	61 Long-term complications of total hip and knee replacement
	Key Points
	Hip and Knee Arthroplasty
	Pain
	Mortality
	Wear and Aseptic Loosening
	Infection
	Late Neurologic Injury
	Leg Length Discrepancy
	Fracture
	Implant Fracture

	Complications Affecting Just Hip Arthroplasty
	Dislocation
	Local and Systemic Effects of Metal Debris
	Liner Dissociation
	Ceramic Fracture
	Gait Disturbance (Abductor Rupture)

	Complications Affecting Just Knee Arthroplasty
	Stiffness
	Instability
	Tibial Insert Disassociation
	Progression of Arthritis to Other Compartments

	References

	B. Small Molecules
	62 Principles of pharmacologic pain management
	Key Points
	Introduction
	Opioid Mechanism
	The Evidence
	Patient Selection and Medication Management
	Risk Assessment
	Prescription Drug Monitoring Plans
	Informed Consent
	Dosing
	Drug Monitoring

	Adverse Drug Effects
	Driving and Opioids
	Older Adults and Chronically Ill Patients
	Acute-on-Chronic Pain

	Dual-Action Opioids
	Alternative Medications for Chronic Musculosckeltal Pain
	References


	63 Nonsteroidal antiinflammatory drugs
	Key Points
	Introduction
	Mechanism of Action
	Cyclooxygenase Isozyme Selectivity
	Pharmacokinetics and Drug Interactions
	Clinical Efficacy
	Adverse Effects
	Gastrointestinal
	Cardiovascular
	Renal
	Respiratory
	Hepatic

	Rational Selection of Nonsteroidal Antiinflammatory Drug Therapy
	Note

	References

	64 Systemic glucocorticoids in rheumatology
	Key Points
	Nomenclature and Pharmacology
	Preparations and Structure
	Dosing
	Bioequivalence and Bioavailability
	Metabolism and Drug Interactions
	Clearance and Dose Timing

	Mechanisms of Glucocorticoid Action
	Efficacy
	Efficacy in Rheumatoid Arthritis
	Efficacy in Systemic Connective Tissue Disorders and Vasculitis
	Efficacy in Polymyalgia Rheumatica and Large-Vessel Vasculitis

	Adverse Effects
	Bone and Muscle
	Cardiovascular
	Dermatologic and Appearance
	Gastrointestinal
	Infectious Diseases
	Metabolic and Endocrine
	Neuropsychiatric
	Ophthalmologic

	Use in Pregnancy
	Practical Recommendations
	Evidence-Based Treatment Guidelines
	Perioperative and Stress-Dose Considerations
	Glucocorticoids in Children
	Glucocorticoid Withdrawal Regimens and Alternate-Day Therapy

	References

	65 Synthetic disease-modifying antirheumatic drugs and leflunomide
	Key Points
	Introduction
	Parenteral Gold
	Introduction
	Pharmacology
	Mode of Action
	Efficacy
	Toxicity
	Dosage and Monitoring

	Bucillamine
	Introduction
	Pharmacology
	Mode of Action
	Efficacy
	Adverse Effects
	Dosage and Monitoring

	Sulfasalazine
	Introduction
	Pharmacology
	Mode of Action
	Efficacy
	Toxicity
	Dosage and Monitoring

	Hydroxychloroquine
	Introduction
	Pharmacology
	Mode of Action
	Efficacy
	Rheumatoid arthritis
	Systemic lupus erythematosus
	Metabolic effects
	Toxicity
	Dosing of hydroxychloroquine


	Leflunomide
	Introduction
	Pharmacology
	Mode of Action
	Efficacy in Rheumatoid Arthritis
	Monotherapy
	Combination therapy
	Combination therapy with biologic agents

	Efficacy in Other Rheumatologic Conditions
	Safety and Tolerability

	Tetracyclines
	Introduction
	Pharmacology and Drug Interactions
	Tetracyclines for the Treatment of Rheumatoid Arthritis
	Efficacy data
	Randomized controlled trials of minocycline
	Randomized controlled trials of doxycycline
	Meta-analysis of minocycline and doxycycline for rheumatoid arthritis

	Long-term data
	Toxicity data

	Tetracyclines for the Treatment of Osteoarthritis
	Efficacy data
	Dosing and monitoring


	Summary
	References

	66 Methotrexate
	Key Points
	Introduction
	Pharmacology
	Mechanism of Action
	Efficacy in Rheumatoid Arthritis
	Initial Use
	Efficacy Compared With Other Disease-Modifying Antirheumatic Drugs
	Efficacy in Combination With Other Disease-Modifying Antirheumatic Drugs
	Effect of Methotrexate on Structural Damage
	Long-Term Studies
	Predictors of Response to Methotrexate
	Effect on Mortality

	Adverse Effects
	Common Adverse Effects
	Hepatic Toxicity
	Pulmonary Toxicity
	Vaccination
	Other Adverse Effects
	Teratogenicity

	Folic Acid Supplementation
	Pharmacogenomics
	Methotrexate Use in Rheumatoid Arthritis: Recommendations
	Methotrexate in Other Rheumatic Diseases (Table 66.3)
	Psoriatic Arthritis
	Juvenile Idiopathic Arthritis
	Other Rheumatic Diseases

	Conclusions
	References

	67 Immunosuppressive agents
	Key Points
	Introduction
	Mechanisms of Action
	Azathioprine
	Cyclophosphamide
	Cyclosporine
	Mycophenolate Mofetil
	Tacrolimus

	Pharmacokinetics
	Azathioprine
	Cyclophosphamide
	Cyclosporine
	Mycophenolate Mofetil
	Tacrolimus

	Efficacy, Toxicity, and Therapeutic Use
	Azathioprine
	Efficacy
	Toxicity
	Therapeutic use

	Cyclophosphamide
	Efficacy
	Toxicity
	Therapeutic use

	Cyclosporine
	Efficacy
	Toxicity
	Therapeutic use

	Mycophenolate Mofetil
	Efficacy
	Toxicity
	Therapeutic use

	Tacrolimus
	Efficacy
	Toxicity
	Therapeutic use


	Acknowledgement
	References

	68 Tyrosine kinase inhibition
	Key Points
	Introduction
	Tyrosine Kinases
	Tyrosine Kinase Inhibitors
	Tofacitinib
	Baricitinib
	Other JAK Inhibitors

	Other Kinase Inhibitors
	p38 Mitogen-Activated Protein Kinases

	References

	C. Biologic Agents
	69 Biologic agents:
	Key Points
	Antibody Structure
	Structural Characterization of Approved Antibody Therapeutics
	Mechanisms of Action
	Evolution of Monoclonal Antibody Structure and Function as Applied to Rheumatic Diseases
	Anti-Tumor Necrosis Factor Monoclonal Antibodies

	B-Cell Targeted Therapies
	Anti-CD20 Monoclonal Antibodies
	B-Lymphocyte Stimulator Targeted Therapy

	Other Receptor Antagonists and Cytokine Inhibitors
	Co-Stimulation Blockade

	Future Directions
	References


	70 Interleukin-1 inhibitors
	Key Points
	Interleukin-1 Family
	Ligands and Receptors
	Interleukin-1 Plays a Critical Role in Inflammation
	Regulation of Interleukin-1β Maturation by the Inflammasome

	Therapeutic Inhibitors of Interleukin-1 in Rheumatic Diseases
	Rheumatoid Arthritis
	Recombinant interleukin-1 receptor antagonist (anakinra, Kineret)
	Soluble interleukin-1 receptors
	Monoclonal antibodies
	Inhibition of interleukin-1β production

	Ankylosing Spondylitis
	Psoriatic Arthritis
	Systemic Lupus Erythematosus
	Osteoarthritis
	Crystal-Induced Arthritis
	Systemic Juvenile Idiopathic Arthritis and Adult-Onset Still Disease

	Interleukin-1 Inhibition for Periodic Fever Syndromes
	Other Autoinflammatory Disorders
	General Comments on Available Interleukin-1 Inhibitors
	References

	71 Interleukin-6 inhibitors
	Key Points
	Tocilizumab
	Mechanism of Action
	Use, Recommended Dose, and Dose Adjustment
	Intravenous administration
	Subcutaneous administration

	Pharmacokinetics
	Intravenous administration
	Subcutaneous administration

	Use in Specific Populations
	Pregnancy and nursing
	Use in older adults
	Hepatic or renal impairment

	Clinical Trial Results in Rheumatoid Arthritis
	Safety
	Infections
	Gastrointestinal perforation
	Malignancies
	Cardiovascular events
	Infusion reactions
	Hematology
	Transaminase elevations
	Lipids

	Use in Other Rheumatoid Diseases
	Systemic-onset juvenile idiopathic arthritis
	Adult-onset Still disease
	Castleman disease
	Systemic lupus erythematosus
	Scleroderma
	Spondyloarthritis
	Large-vessel vasculitis (Takayasu and giant cell arteritis)


	Upcoming Agents
	Sarilumab
	Olokizumab
	Sirukumab
	Clazakizumab

	Acknowledgement
	References

	72 Tumor necrosis factor inhibitors
	Key Points
	Introduction
	Mechanism of Action
	Biologic Effects
	Approved Indications and Practical Use
	Adalimumab (Humira)
	Pharmacology
	Indications and Use
	Adalimumab in Rheumatoid Arthritis Pivotal Trials

	Etanercept (Enbrel)
	Pharmacology
	Indications and Use
	Etanercept in Rheumatoid Arthritis Pivotal Trials

	Infliximab (Remicade)
	Pharmacology
	Indications and Dosing
	Clinical Efficacy of Infliximab in Rheumatoid Arthritis

	Certolizumab Pegol (Cimzia)
	Pharmacology
	Indications and Dosing
	Clinical Efficacy of Certolizumab Pegol in Rheumatoid Arthritis

	Golimumab (Simponi)
	Pharmacology
	Indications and Dosing
	Clinical Efficacy of Golimumab in Rheumatoid Arthritis

	Dose Reduction or Withdrawal of Anti-Tumor Necrosis Factor Therapy
	Immunogenicity
	Switching Between Anti–Tumor Necrosis Factor Agents
	Expanded Indications
	Ankylosing Spondylitis
	Psoriatic Arthritis
	Other Orphan Disorders
	Granulomatous Disease
	Antineutrophil Cytoplasmic Antibody–Associated Granulomatous Vasculitis
	Giant Cell Arteritis
	Polymyalgia Rheumatica
	Sarcoidosis
	Pyoderma Gangrenosum
	Hidradenitis Suppurativa
	Takayasu Arteritis
	Inflammatory Eye Disease or Uveitis
	Behçet Syndrome
	Hepatitis B and C

	Baseless Use of Tumor Necrosis Factor Inhibitors
	Tumor Necrosis Factor Inhibitors in EARLY Rheumatoid Arthritis
	Tumor Necrosis Factor Inhibitors in Children
	Tumor Necrosis Factor Inhibitors in Older Adults
	Pregnancy and Lactation

	Safety of Anti–Tumor Necrosis Factor Therapy
	Infusion Reactions
	Injection Site Reactions
	Infectious Risk
	Tuberculosis
	Other Opportunist Infections
	Malignancy
	Autoimmune Responses
	Demyelinating Syndromes
	Congestive Heart Failure
	Interstitial Lung Disease
	Cytopenias
	Hepatotoxicity
	Cutaneous Reactions
	Unusual Toxicities
	Vaccinations

	Monitoring
	Conclusion
	References

	73 Interleukin-17, interleukin-12, and interleukin-23 inhibitors
	Key Points
	Potential Cytokine Targets in Rheumatic Diseases
	Interleukin-17
	Description, Receptor, and Function
	Interleukin-17 in Rheumatic Disease
	Clinical Trials

	Interleukin-23
	Description, Receptor, and Function
	Interleukin-12 and Interleukin-23 in Rheumatic Diseases
	Clinical Trials

	Significant Points
	Conclusion
	References

	74 Inhibitors of T-cell co-stimulation
	Key Points
	Rationale for Targeting T Cells in Rheumatoid Arthritis
	Co-Stimulatory Signal in T-Cell Activation
	Abatacept
	Clinical Efficacy
	Intravenous abatacept
	Comparison with tumor necrosis factor inhibitors
	Treatment of early rheumatoid arthritis

	Subcutaneous abatacept
	Combination with methotrexate
	Comparison with tumor necrosis factor inhibitors
	Drug-free remission


	Safety
	Infusion-related reaction
	Infection
	Tuberculosis
	Vaccination
	Malignancy
	Subcutaneous abatacept

	Safety of Abatacept in Routine Clinical Practice
	Immunogenicity

	Biologic Effects
	Summary of the Efficacy and Safety of Abatacept
	New Co-Stimulatory Inhibitors

	Conclusions
	References

	75 Inhibitors of B cells
	Key Points
	Introduction
	Roles of B Cells in Autoimmune Rheumatic Diseases
	Targeting CD20
	Rituximab
	Rituximab biosimilars
	Other types 1 and 2 anti-CD20 molecules


	Efficacy for Rheumatoid Arthritis
	Radiographic Outcomes
	Outcome of Repeat Cycles
	Effect of Rituximab Dose
	Retreatment of Nonresponse
	Concomitant Disease-Modifying Antirheumatic Drugs
	Mechanism of Action Studies and Prediction of Response
	Antibody status
	Peripheral blood B-cell studies
	Genetic studies


	Rituximab: Use for Connective Tissue Diseases
	Antineutrophilic Cytoplasmic Antibody–Associated Vasculitis
	Systemic Lupus Erythematosus
	Primary Sjögren Syndrome

	Safety of Rituximab
	Screening Before Therapy
	Infusion Reactions
	Infections
	Low Immunoglobulin Levels Before and After Rituximab
	Vaccination Responses and Immunization After Rituximab
	Progressive Multifocal Leukoencephalopathy

	Inhibition of B-Cell Survival Factors
	Efficacy of Belimumab in Systemic Lupus Erythematosus

	Summary
	Acknowledgement
	References

	76 Emerging therapeutic targets
	Key Points
	Introduction
	Therapies Targeting Macrophages
	Therapies Targeting B Cells
	Therapies Targeting T-Cells
	Novel Cytokine Targets
	Therapies Targeting Fibrosis
	Cells As Therapies

	Summary
	References

	77 Biosimilars in rheumatology
	Key Points
	Definitions
	Biosimilars
	Biomimics
	“Second-Generation” Biopharmaceuticals

	Development of Biosimilars
	Demonstration of Biosimilarity
	Biosimilars for Inflammatory Diseases
	Approved Biosimilars

	Biosimilars in Development
	Immunogenicity
	Extrapolation of Indications
	Interchangeability
	Nomenclature
	Cost
	References

	78 Infections and biologic therapy in rheumatoid arthritis
	Key Points
	Rheumatoid Arthritis and Burden of Infection
	Prednisone
	Biologic Therapies and Risk for Infection
	Tumor Necrosis Factor Antagonists and Risk for Infection
	Opportunistic Infections With Anti–Tumor Necrosis Factor Therapy
	Abatacept, Rituximab, Tocilizumab, and Anakinra
	Risk for Serious Bacterial and Opportunistic Infections
	Tofacitinib
	Prevention of Infection in Patients Treated With Biologics: Screening and Vaccination
	Intracellular Pathogens
	Conclusion
	Acknowledgement
	References

	79 Precision medicine and pharmacogenomics in rheumatology
	Key Points
	Pharmacogenomics
	Experimental Approaches and Considerations Regarding Study Design and Data Interpretation
	Pharmacogenetics in Rheumatology
	Synthetic Disease-Modifying Antirheumatic Drugs
	Methotrexate
	Azathioprine
	Sulfasalazine

	Biologic Disease-Modifying Antirheumatic Drugs

	Conclusion
	Acknowledgements
	References

	6 Regional and Widespread Pain
	80 Neck pain
	Key Points
	Introduction
	Epidemiology
	Incidence and Prevalence
	Risk Factors

	Pathogenesis of Neck Pain
	Clinical Assessment
	History
	Clinical Examination
	Onset of pain
	Quality of pain
	Frequency and duration of episodes of pain
	Site, radiation, and source of pain
	Associated features
	Neurologic abnormalities


	Clinical Examination
	General Examination
	Neurologic Examination
	Neck Movement

	Cervical Nerve Root Compression
	Clinical Features
	Clinical Examination

	Investigations
	Imaging
	Radiographs
	Computed tomography
	Magnetic resonance imaging
	Isotope scans

	Blood Tests
	Investigations Targeting Pain
	Zygapophyseal joint blocks
	Other anesthetic blocks
	Provocation diskography


	Treatment of Neck Pain
	Nonspecific Treatments
	Analgesics
	Exercises
	Physical therapy
	Manual therapy or manipulation
	Pillows and posture correction

	Specific Treatments
	Zygapophyseal joints
	Intervertebral disks


	Treatment—Cervical Nerve Root Compression
	Natural History
	Treatment Modalities
	Corticosteroid injections
	Surgery


	Whiplash
	Biomechanics
	Pathology
	IMAGING
	Natural History
	Treatment of Acute Whiplash Injury
	Treatment of Chronic Whiplash

	Conclusion
	References


	81 Low back pain
	Key Points
	Epidemiology
	Occurrence
	Impact
	Risk Factors

	Clinical Evaluation
	Introduction
	History
	Site of pain
	Aggravating and relieving factors

	Physical Examination
	General examination
	Spinal examination
	Lumbar range of motion

	Manual muscle testing
	Neurologic examination
	Sensory examination
	Deep tendon reflexes

	Provocative maneuvers
	Root tension signs

	Gait analysis
	Nonorganic physical signs


	Investigations
	Imaging
	Plain radiographs
	Radionuclide bone scintigraphy
	Computed tomography
	Magnetic resonance imaging
	Correlation between magnetic resonance imaging and clinical findings
	Comparison between magnetic resonance imaging and other modalities

	Other imaging techniques


	Clinical Laboratory Tests
	Electrodiagnostic Studies
	Electromyography
	Nerve Conduction Tests

	Concerning Causes of Low Back Pain (Box 81.2)
	Cauda Equina Compression
	Abdominal Aortic Aneurysm
	Infections
	Vertebral osteomyelitis
	Disk infection
	Pyogenic sacroiliitis

	Herpetic Neuralgia
	Neoplasms
	Osteoid osteoma
	Other primary spinal tumors
	Multiple myeloma
	Skeletal metastases

	Rheumatologic Causes
	Primary Bone Disorders
	Referred Pain
	Pain referred from other visceral organs
	Pain referred from the hip joint
	Centrally mediated pain



	Mechanical Causes of Low Back Pain
	Spondylolysis and Spondylolisthesis
	Intervertebral Disk Disorder
	Mechanisms of pain
	Clinical features
	Investigations
	Treatment

	Zygapophyseal (Facet) Joint Syndrome
	Lumbar Spinal Stenosis
	Etiology and pathogenesis
	Clinical features
	Investigations
	Differential diagnosis


	Management of Lumbar Spine Disorders
	Conservative Approaches
	Physical modalities
	Exercise

	Oral Drug Therapy
	Analgesics
	Nonsteroidal antiinflammatory drugs
	Muscle relaxants
	Neuropathic pain agents

	Injection Therapy
	Epidural injections
	Facet joint injection

	Complementary Therapies
	Surgical Treatment

	References

	82 The shoulder
	Key Points
	Functional Anatomy
	The Glenohumeral Joint
	The glenohumeral ligaments
	Coracohumeral and coracoacromial ligaments
	Rotator cuff and long head of biceps tendon

	Acromioclavicular Joint
	Scapulothoracic Joint
	Sternoclavicular Joint
	Bursae
	Nerve and Blood Supply

	History and Physical Examination
	History
	Examination
	Inspection
	Palpation
	Movements
	Special tests
	Hypermobility

	Differential Diagnoses

	Rotator Cuff Tears, Tendinopathy, and Impingement
	Pathology
	Clinical Features
	Investigations
	Management

	Calcific Tendonitis
	Pathology
	Clinical Features
	Investigations
	Management

	Biceps Pathology and SLAP Tears
	Pathology
	Clinical Features
	Investigations
	Management

	Frozen Shoulder
	Pathology
	Clinical Features
	Investigations
	Management

	Glenohumeral Joint Instability
	Pathology
	Clinical Features
	Investigations
	Management

	Glenohumeral Arthritis
	Pathology
	Clinical Features
	Investigations
	Management

	Acromioclavicular Joint Instability
	Pathology
	Clinical Features
	Investigations
	Management

	Acromioclavicular Arthritis
	Pathology
	Clinical Features
	Investigations
	Management

	Lateral Clavicular Osteolysis
	Scapular Winging
	Scapulothoracic Crepitus
	Sternoclavicular Disorders
	Acknowledgement
	References

	83 The elbow
	Key Points
	Functional Anatomy
	Bony Components
	Humerus
	Proximal radius
	Proximal ulna


	Carrying Angle of the Elbow
	Joint Capsule
	Medial and Lateral Collateral Ligament Complexes
	Medial collateral ligament
	Lateral collateral ligament

	Muscular Anatomy
	Elbow extensors
	Elbow flexors
	Wrist extensors
	Wrist flexors

	Neurovascular Relationships

	Clinical Evaluation
	History
	Physical Examination
	Inspection
	Palpation
	Anterior
	Lateral
	Posterior
	Medial

	Movement

	Investigations

	Elbow Disorders
	Soft Tissue Elbow Conditions
	Distal biceps rupture
	Lateral epicondylitis
	Medial epicondylitis
	Olecranon bursitis

	Bone and Joint Conditions
	Degenerative arthritis (osteoarthritis)
	Inflammatory arthritis


	References

	84 The wrist and hand
	Key Points
	Introduction
	Clinical Evaluation
	History
	Physical Examination
	Resting Posture
	Swelling and Deformity
	Differential diagnosis of joint swelling
	Other hand findings
	Range of motion

	Differential Diagnosis of Wrist and Hand Pain

	Specific Disorders of the Wrist and Hand
	Tenosynovitis
	De Quervain Syndrome
	Intersection Syndrome
	Trigger Finger or Thumb (Stenosing Digital Tenosynovitis)
	Ganglions of the Wrist and Hand
	Carpal Tunnel Syndrome
	Dupuytren Disease

	References

	85 The hip
	Key Points
	Functional Anatomy
	Bony Structures
	Joint Capsule
	Hip Musculature
	Bursae
	Blood Supply

	Clinical Evaluation
	History
	Location of the pain
	Assessing characteristics and impact
	General inquiry

	Examination
	Gait examination
	General inspection
	Palpation
	Range of motion
	Special tests
	Patrick test (FABER test)
	Thomas test
	Stinchfield test
	Apprehension tests
	McCarthy test

	Leg-length measurement


	Radiographic Evaluation
	Plain Radiographs
	Other Imaging
	Role of Imaging in Clinical Practice

	Specific Hip Disorders
	Hip Dysplasia
	Femoroacetabular Impingement
	Subtypes
	Clinical features
	Imaging
	Treatment

	Periarticular Soft Tissue Problems
	Bursitis
	Trochanteric bursitis

	Abductor tendon tears
	Iliopsoas bursitis
	Ischiogluteal bursitis



	References

	86 The knee
	Key Points
	Structure of the Knee Joint
	Skeletal Anatomy
	Distal femur
	Proximal tibia
	Patella


	Soft Tissue Anatomy
	Superficial Musculature
	Extensor mechanism
	Deep structures

	Ligaments
	Medial collateral ligament
	Lateral collateral ligament
	Anterior and posterior cruciate ligaments

	Posterior structures

	Neurovascular Supply
	Menisci

	Clinical Evaluation of a Patient With Knee Symptoms
	History
	Examination
	Observation
	Palpation
	Range of motion
	Ligamentous stability
	Patellofemoral joint stability


	Imaging

	Specific Disorders of the Knee
	Early Childhood
	Referred hip pain
	Infection
	Septic arthritis
	Osteomyelitis

	Discoid meniscus
	Malignancy and hematologic conditions
	Inflammatory disease of the knee

	Adolescence
	Osgood-Schlatter disease
	Sinding-Larsen-Johansson disease
	Osteochondritis dissecans
	Anterior cruciate ligament rupture

	Adults
	Anterior knee pain
	Chondromalacia patellae

	Patellofemoral maltracking, subluxation, and dislocation
	Traumatic ligamentous injuries
	Anterior cruciate ligament injuries
	Posterior cruciate ligament injuries
	Medial collateral ligament injuries
	Lateral collateral ligament injuries

	Bursitis
	Patellar tendonitis
	Iliotibial band syndrome

	Disorders Occurring Across the Age Spectrum From Adolesence
	Popliteal cysts
	Synovial chondromatosis
	Pigmented villonodular synovitis
	Meniscal injuries
	Extensor mechanism injuries
	Isolated cartilage defects
	Osteoarthritis


	References

	87 The ankle and foot
	Key Points
	Introduction
	Epidemiology of Foot and Ankle Problems
	Anatomy of the Ankle and Foot
	Ankle
	Foot

	Examination of the Foot and Ankle
	Imaging
	Other Assessments

	Local Ankle and Foot Problems
	Ankle Sprains
	Impingement Syndromes
	Achilles Tendinopathy
	Tibialis Posterior Tendon Dysfunction and Acquired Adult Flatfoot
	Flatfeet (Pes Planus) and High Arched Feet (Pes Cavus)
	Nerve Entrapments
	Morton neuroma
	Tarsal tunnel syndrome

	Heel Pain
	Midfoot Pain
	Forefoot Pain

	Foot Problems Secondary to Systemic Conditions
	Rheumatoid Arthritis
	Psoriatic Arthritis and Seronegative Diseases
	Juvenile Idiopathic Arthritis
	Osteoarthritis
	Connective Tissue Diseases
	Crystal Arthropathies
	Hypermobility Syndrome

	Acknowledgements
	References

	88 The temporomandibular joint
	Key Points
	Epidemiology, Classification, and Etiology
	Functional Anatomy
	Clinical Features
	Management
	Nonsurgical Management
	Surgical Management

	Relationship to Other Chronic Pain Disorders
	References

	89 Entrapment neuropathies and compartment syndromes
	Key Points
	Introduction
	Thoracic Outlet Syndrome
	Anatomy
	Etiology
	Clinical Features
	Diagnosis
	Treatment

	Ulnar Nerve Compression Syndromes
	Cubital Tunnel Syndrome
	Anatomy
	Etiology
	Clinical features
	Diagnosis
	Treatment

	Ulnar Tunnel Syndrome
	Anatomy
	Etiology
	Clinical features
	Diagnosis
	Treatment


	Median Nerve Compression Syndromes (Forearm Entrapment)
	Anterior Interosseous Nerve Syndrome
	Pronator Teres Syndrome

	Carpal Tunnel Syndrome
	Anatomy
	Etiology
	Clinical Features
	Tests
	Diagnosis
	Treatment
	Splinting
	Local injection of corticosteroid
	Nonsteroidal antiinflammatory drugs and other agents
	Surgery


	Radial Nerve Compression Syndrome
	Posterior Interosseous Nerve Syndrome
	Anatomy
	Etiology
	Clinical features
	Diagnosis
	Treatment


	Piriformis Syndrome
	Anatomy
	Etiology
	Clinical Features
	Diagnosis
	Treatment

	Meralgia Paresthetica
	Anatomy
	Etiology
	Clinical Features
	Diagnosis
	Treatment

	Peroneal Nerve Entrapment
	Anatomy
	Etiology and Clinical Features
	Diagnosis
	Treatment

	Tarsal Tunnel Syndrome
	Anatomy
	Etiology
	Clinical Features
	Diagnosis
	Treatment

	Morton Metatarsalgia (Morton Neuroma, Interdigittal Neuritis)
	Anatomy
	Etiology
	Clinical Features
	Diagnosis
	Treatment

	Compartment Syndromes
	Acute Compartment Syndrome
	Chronic Compartment Syndrome

	Acknowledgements
	References

	90 Complex regional pain syndrome (reflex sympathetic dystrophy)
	Key Points
	History and Terminology
	Diagnosis and Clinical Features
	Sensory
	Vasomotor
	Sudomotor or Edema
	Motor or Trophic

	Epidemiology
	Triggers
	Personality Traits

	Natural History
	Differential Diagnosis
	Investigations
	Plain radiography
	Isotope bone scanning
	Magnetic resonance imaging
	Other investigations


	Pathologic Features
	Pathophysiology
	Peripheral mechanisms
	Peripheral nerve damage
	Sympathetic dysregulation
	Neurogenic inflammation
	Microvascular dysfunction

	Central mechanisms
	Central sensitization
	Cortical reorganization

	Other mechanisms
	Autoimmunity


	Genetics
	Summary

	Management
	Prevention
	Physiotherapy and occupational therapy
	Drug treatment
	Sympathetic blockade
	Other treatments
	Future therapies


	Conclusion
	Acknowledgements
	References

	91 Fibromyalgia and related syndromes
	Key Points
	Introduction
	Epidemiology
	Risk Factors
	Genetics
	Environmental Factors

	Pathophysiology and Pathogenesis
	Diagnosis
	History
	Physical Examination
	Laboratory Tests
	Attaching the Diagnostic Label
	Differential Diagnosis

	Treatment
	General Approach
	Pharmacologic therapies
	Nonpharmacologic therapies

	Natural History

	References

	7 Rheumatoid Arthritis
	92 Classification and epidemiology of rheumatoid arthritis
	Key Points
	Classification of Rheumatoid Arthritis
	Disease Occurrence
	Incidence
	Prevalence
	Geographic Variation
	Time Trends

	Environmental Factors
	Lifestyle Factors
	Nutrition
	Medications
	Infectious Agents
	Socioeconomic Status and Occupation
	Urban and Industrialized Environments

	Host Factors
	Reproductive and Endocrine Factors
	Birth Weight

	References


	93 Preclinical rheumatoid arthritis
	Key Points
	Introduction
	Nomenclature
	Pathogenesis: What Studies of Preclinical Rheumatoid Arthritis Tell Us About How Rheumatoid Arthritis Develops in Its Early Stages
	Circulating Autoantibodies Precede Clinically Apparent Synovitis
	Not All Studies Demonstrate Circulating Autoantibodies Before Synovitis
	Epitope Spreading Occurs in Preclinical Rheumatoid Arthritis
	Other Autoantibody Changes in Preclinical Rheumatoid Arthritis
	Systemic Inflammation in Preclinical Rheumatoid Arthritis
	Other Immune Features in Preclinical Rheumatoid Arthritis
	Genes and Environment in Preclinical Rheumatoid Arthritis
	Putting It All Together: What Does the Natural History of Rheumatoid Arthritis Tell Us About When, Where, and How Early RA-Related Autoimmunity Develops?

	Prediction of Future Rheumatoid Arthritis
	Prevention of Rheumatoid Arthritis
	Conclusion
	Acknowledgement
	References

	94 Clinical features of rheumatoid arthritis
	Key Points
	Introduction
	Clinical Evaluation
	History
	Examination and Clinical Features of Specific Joints

	Diagnosis
	Differential Diagnosis

	Natural History
	Disease Onset
	Patterns of Onset
	Gradual onset
	Slow, monoarticular onset
	Abrupt, acute polyarthritis
	Acute monoarthritis
	Local extraarticular features
	Systemic extraarticular features

	Patterns of Progression
	Clinical Course—Morbidity and Mortality
	Acute-onset pattern
	Gradual-onset pattern
	Assessment of disease activity


	Prognosis
	References

	95 Extraarticular features of rheumatoid arthritis
	Key Points
	Introduction
	Skin Disease
	Hematologic Abnormalities
	Felty Syndrome
	Hepatic Abnormalities
	Pulmonary Involvement
	Cardiac Disease
	Ocular Involvement
	Neurologic Impairment
	Muscular Involvement
	Renal Abnormalities
	Amyloidosis
	Rheumatoid Vasculitis
	References

	96 Imaging of rheumatoid arthritis
	Key Points
	Introduction
	Approach to Imaging and General Imaging Features
	Imaging Modalities
	Conventional Radiography
	Hands and wrists
	Feet and ankles
	Large joints
	Pelvis and hips
	Knees
	Shoulders
	Elbows
	Cervical spine

	Arthrography
	Ultrasonography
	Computed Tomography
	Magnetic Resonance Imaging
	Emerging Imaging Modalities

	Final Points
	References

	97 Genetics of rheumatoid arthritis
	Key Points
	Introduction
	Strength of Genetic Contribution
	Role of Major Histocompatibility Complex Genes
	History
	Refining the Amino Acid Sites Driving RA Susceptibility
	Biologic Function of HLA-DRB1 Risk Alleles
	Genetic Association Between Human Leukocyte Antigen Alleles and Anti–Cyclic Citrullinated Peptide–Positive and –Negative Rheumatoid Arthritis

	Major Histocompatibility Complex: Disease Susceptibility or Severity?
	Role of Non–Major Histocompatibility Complex Genes
	Candidate Gene Association Studies in Rheumatoid Arthritis
	PTPN22
	PADI4
	CTLA4
	STAT4

	Genome-Wide Association Studies in Rheumatoid Arthritis
	Insight Into the Pathogenesis of Rheumatoid Arthritis From Non–Major Histocompatibility Complex Genetic Studies

	Ethnic Differences in Rheumatoid Arthritis Susceptibility
	Gene and Environment Interactions
	Conclusion
	Summary
	References

	98 Animal models of rheumatoid arthritis
	Key Points
	Introduction
	Mechanisms of Induction of Experimental Arthritis
	Immunization With Cartilage Components
	Response to Nonspecific Immunologic Stimuli
	Adjuvant- and pristane-induced arthritis

	Components of Infectious Agents
	Streptococcal cell wall arthritis
	Antigen-induced arthritis
	Flares of arthritis

	Immune Complex–Induced Arthritis
	K/BxN–glucose-6-phosphate isomerase arthritis


	Anti–Citrullinated Protein Antibodies and Arthritis Models
	Gene Manipulation and Transgenic Models

	The Three Rs
	Conclusions
	References

	99 Autoantibodies in rheumatoid arthritis
	Key Points
	Introduction
	Rheumatoid Factors
	Role as Diagnostic and Prognostic Markers
	Pathogenetic Involvement

	Anti–Citrullinated Protein Antibodies
	The Posttranslational Modification Citrullination
	Citrullinated Autoantigens
	Role of Anti–Cyclic Citrullinated Protein Antibodies as Diagnostic and Prognostic Markers
	Role in Disease Etiology and Pathogenesis

	Antibodies to Carbamylated (Homocitrullinated) Antigens
	Antibodies to the Heterogeneous Nuclear Ribonucleoprotein A2/B1
	Anti–Collagen Antibodies
	Other Antibodies
	The Impact of Immunoglobulin Glycosylation on Arthritis
	Autoantibodies and Disease Pathogenesis
	References

	100 Pathogenesis and pathology of rheumatoid arthritis
	Key Points
	Introduction
	Normal Synovium
	Synovium in Rheumatoid Arthritis
	Mechanisms of Chronic Synovitis in Rheumatoid Arthritis
	Pannus
	Cellular Immunology of Rheumatoid Arthritis
	Cells of Rheumatoid Synovium
	Macrophages
	Fibroblast-Like Synoviocytes
	B Cells
	T Cells
	Neutrophils
	Other Leukocytes: Dendritic Cells, Mast Cells, and Innate Lymphoid Cells
	Chondrocytes

	Molecular Mediators in Rheumatoid Synovium
	Tumor Necrosis Factor
	Tumor Necrosis Factor Superfamily
	Interleukin-1
	Interleukin-18 and Other IL-1 Family Members
	Canonical T-Cell–Derived Cytokines: Interleukin-2, -4, -5, and IL- and Interferon-γ
	Interleukin-6
	Interleukin-10
	Interleukin-12 and Interleukin-23
	Interleukin-15
	T-Helper 17 Cytokines: Interleukin-17, -21, and -22
	Transforming Growth Factor-β
	Granulocyte-Monocyte Colony-Stimulating Factor
	Other Secreted Proteins
	Chemokines
	Arachidonic Acid Metabolites
	Ligands for Toll-Like Receptors
	Complement and Immune Complexes

	Angiogenesis in Rheumatoid Arthritis
	Vasculogenesis
	Regulatory Networks in Synovial Angiogenesis
	Perspectives on Targeting Angiogenesis
	Angiostatic Compounds

	Joint Destruction
	Matrix Metalloproteinases
	Collagenases
	Stromelysins
	Other Matrix Metalloproteinases and Related Enzymes
	Role of Matrix Metalloproteinases in Inflammation
	Protease Inhibitors
	Cysteine and Serine Proteases
	Bone Destruction

	Pathogenesis
	Genetics and Autoimmunity
	Lessons From Animal Models
	T Cells in the Initiation and Propagation of Rheumatoid Arthritis
	Cell–Cell and Cytokine Interactions in the Perpetuation of Inflammation in Rheumatoid Arthritis
	Autoantibodies and Immune Complexes
	Lessons From Treatment of Human Rheumatoid Arthritis
	Unifying Hypothesis

	Conclusion
	References

	101 Assessment of the patient with rheumatoid arthritis and the measurement of outcomes
	Key Points
	Introduction
	2010 American College of Rheumatology/European League Against Rheumatism Classification Criteria for Rheumatoid Arthritis
	Disease Process (“Disease Activity”) and Its Consequence (“Disease Outcome”)
	Evaluation Versus Prognostication
	Individual Measures Versus Composite Indices
	Definition and Evaluation of Treatment Targets in Clinical Practice
	Assessment Strategies in Clinical Trials

	Instruments for Assessing Disease Activity
	Core Sets of Disease Activity Variables
	Swollen and Tender Joint Counts
	Pain
	Patient and evaluator assessment of global disease activity
	Acute-phase reactants

	Composite indices of disease activity
	Improvement criteria
	Remission criteria

	Instruments for Assessing Physical Function
	Instruments for Assessing Structural Progression
	Scoring of Radiographs
	Other Imaging Modalities

	Other Instruments: Fatigue, Work Productivity, and Comorbidity
	Conclusion
	References

	102 Management of early rheumatoid arthritis
	Key Points
	Introduction
	Background
	The Changing Definition of Early Disease
	The Rationale for Early Management

	Prognostic Risk Stratification and Management Strategy
	Treatment
	Pharmacologic Treatment
	Types of pharmacologic therapies used in early rheumatoid arthritis
	Glucocorticoids
	Conventional synthetic disease-modifying antirheumatic drugs
	Biologic disease-modifying antirheumatic drugs


	Monitoring of Disease Activity and Achieving Tight Control
	Treatment Induction Approaches
	Conventional synthetic disease-modifying antirheumatic drug induction
	Biologic disease-modifying antirheumatic drug—induced remission

	Disease-Modifying Antirheumatic Drug DE-ESCALATION and Drug Tapering
	Nonpharmacologic Treatment and Lifestyle Measures

	Summary
	References

	103 Management of established rheumatoid arthritis
	Key Points
	Introduction
	Therapeutic Overview
	Guiding Principles of Treatment
	Adjusting Therapy to Achieve Targets
	Efficacy of Disease-Modifying Antirheumatic Drugs
	Safety of Disease-Modifying Antirheumatic Drugs
	Fertility and Pregnancy
	Comorbid Disease
	Vaccination
	Monitoring
	Maintenance of Treatment Response
	Treatment Withdrawal
	Future
	Conclusions
	References

	104 Multidisciplinary nonpharmacologic approach to rheumatoid arthritis
	Key Points
	Introduction
	Coping: Balancing Needs and Resources
	Patient Education and Counseling
	Exercise Therapy
	Hands-on Techniques and Physical Modalities
	Orthoses, Insoles, and Shoes
	Assistive Technology
	Nutrition
	Interventions Preventing Job Loss and Work Disability
	Multidisciplinary Team Care
	Acknowledgement
	References

	8 Pediatric Rheumatology
	105 Evaluation of children with rheumatologic complaints
	Key Points
	History Taking for the Musculoskeletal System in Children
	General Approach
	Constitutional Features
	Joint Pain
	Joint Swelling and Stiffness

	Examination of the Musculoskeletal System
	General Examination
	Joint Assessment
	Cervical spine and temporomandibular joints
	Elbows and shoulders
	Hands and wrists
	Hips
	Knees
	Feet and ankles
	Spine and gait


	Differential Diagnosis
	Septic ARTHRITIS
	Reactive or Postinfectious ARTHRITIS

	Musculoskeletal Syndromes and Benign Limb Pains
	Regional Syndromes: Hip
	Developmental Dysplasia of the Hip
	Transient (Toxic) Synovitis (Irritable Hip)
	Legg-Calvé-Perthes Disease
	Imaging
	Pathophysiology
	Treatment
	Prognosis
	Long-term follow-up

	Slipped Capital Femoral Epiphyses
	Clinical findings
	Imaging
	Treatment

	Idiopathic Chondrolysis
	Imaging
	Treatment and prognosis


	Regional Syndromes: Knee
	Patellofemoral Dysfunction
	Chondromalacia Patellae
	Bone Lesions That Mimic Mechanical Knee Disease
	Osgood-Schlatter Disease
	Other Knee Disorders

	Regional Syndromes: Foot
	Acknowledgments
	References


	106 Classification and epidemiology of juvenile idiopathic arthritis
	Key Points
	Classification of Childhood Arthritis
	History of Childhood Arthritis Classification
	Role of the International League of Associations for Rheumatology Classification
	Classification of Juvenile-Onset Spondyloarthritides
	Validity of the International League of Associations for Rheumatology Criteria

	Descriptive Epidemiology
	Incidence and Prevalence
	Geographic and Ethnic Variation
	Time Trends
	Descriptive Epidemiology of the Different Disease Categories
	Risk Factors
	Genetic Factors
	Familial risk
	Role of HLA
	Role of non–human leukocyte antigen genes
	Environmental factors
	Summary


	Course and Prognosis
	Mortality
	Outcome


	References

	107 Clinical features of juvenile idiopathic arthritis
	Key Points
	Introduction
	General Clinical Features
	Laboratory Investigations
	Imaging

	Clinical Features of Different Categories of Juvenile Idiopathic Arthritis (Table 107.3)
	Systemic Arthritis
	Oligoarthritis, Persistent and Extended
	Polyarthritis
	Rheumatoid factor–negative polyarticular juvenile idiopathic arthritis
	Rheumatoid factor–positive polyarticular juvenile idiopathic arthritis

	Psoriatic Arthritis
	Enthesitis-Related Arthritis
	Undifferentiated Arthritis

	Special Problems of Arthritis in Children
	Multidimensional Outcome
	Mortality
	Continuous Activity, Inactivity, and Remission
	Risk Factors for Continuous Activity and Damage
	Articular and Skeletal Damage
	Joint destruction
	Local growth disturbances
	Knee
	Ankle
	Wrist and hand
	Hip
	Cervical spine
	Temporomandibular joint
	Other joints

	Bone health and osteopenia

	Endocrine Damage
	General growth disturbance
	Pubertal delay

	Ophthalmologic Complications and Damage
	Uveitis
	Vision

	Physical Disability
	Quality of Life
	Pain
	Sleep disturbance and fatigue
	Psychosocial health
	Participation

	Transition of Care

	References

	108 Etiology and pathogenesis of juvenile idiopathic arthritis
	Key Points
	Introduction
	Etiology
	Genetic Factors
	Human leukocyte antigen region
	Non–human leukocyte antigen genes

	Environmental Factors
	Microbes


	Pathogenesis
	Pathology
	Pathogenesis of Oligo- and Poly Juvenile Idiopathic Arthritis
	Enthesitis-Related Arthritis
	Systemic Juvenile Idiopathic Arthritis

	Conclusion
	Acknowledgement
	References

	109 Management of juvenile idiopathic arthritis
	Key Points
	MEDICAL MANAGEMENT
	SURGICAL MANAGEMENT
	OTHER ISSUES OF MANAGEMENT

	Introduction
	Treatment Recommendations for the Subtypes of Juvenile Idiopathic Arthritis (Table 109.3)
	Oligoarthritis
	Polyarthritis Course (Regardless of Onset)
	Systemic Arthritis
	Macrophage Activation Syndrome
	Enthesitis-Related Arthritis
	Active Sacroiliac Arthritis
	Psoriatic Arthritis
	Uveitis

	Nonsteroidal Antiinflammatory Drugs
	Corticosteroids
	Methotrexate
	Other Disease-Modifying Antirheumatic Drugs and Immunosuppressive Medications (Tables 109.4 and 109.5)
	Biologic-Modifying Medications
	Anti–Tumor Necrosis Factor Medications
	Abatacept
	Anti–Interleukin-1 Medications
	Anti–Interleukin-6
	Intravenous Immunoglobulin
	Rituximab
	Autologous Stem Cell Transplantation

	Studies of Disease-Modifying Antirheumatic Drug Versus Biologic Combination Therapy for Juvenile Idiopathic Arthritis
	Management of Pain
	Rehabilitation
	Management of Growth Retardation
	Complementary and Alternative Therapies
	Surgical Interventions
	Synovectomy
	Arthroplasty
	Surgical Treatment of Temporomandibular Joint Deformities

	Conclusion
	References

	110 The juvenile-onset spondyloarthropathies
	Key Points
	Classification and Epidemiology
	Clinical Manifestations
	Genetics
	Pathophysiology
	Evaluation of Disease Phenotype and Disease Activity
	Treatment Considerations
	Outcomes
	Conclusions
	References

	111 Connective tissue diseases in children
	Key Points
	Introduction
	Juvenile-Onset Systemic Lupus Erythematosus
	Epidemiology
	Etiopathogenesis
	Clinical Presentation
	Assessment of Disease Severity and Monitoring of Outcome
	Management
	Clinical Severity and Outcome
	Neonatal Lupus Syndrome

	The Pediatric Inflammatory Myopathies: Juvenile Dermatomyositis
	Epidemiology
	Etiopathogenesis
	Clinical Presentation and Features
	Assessment and Monitoring
	Treatment and Outcome

	Scleroderma
	Epidemiology
	Etiopathogenesis
	Clinical Presentation
	Localized scleroderma
	Systemic sclerosis

	Management

	References

	112 Rehabilitation and psychosocial issues in juvenile idiopathic arthritis
	Key Points
	Introduction
	Impacts
	Pain
	Structural Damage
	Hand and Wrist
	Lower Extremities
	Bone Mineralization
	Limitations in Daily Living

	Psychosocial Implications
	Childhood
	Adolescence
	Adulthood

	Evaluation
	Pain Scales
	Range of Motion and Muscle Strength
	Function, Quality of Life, and Health Status

	Goals of Treatment: Evidence-Based Treatment and Outcome
	Conclusion
	References

	9 Infection-Related Rheumatic Diseases
	A. Infectious Arthritis
	113 Bacterial arthritis
	Key Points
	Introduction
	Septic Arthritis and Osteomyelitis
	Epidemiology
	Septic arthritis
	Osteomyelitis

	Microbiology
	Septic arthritis
	Osteomyelitis

	Pathogenesis
	Septic arthritis and osteomyelitis
	Microbial and host factors

	Clinical Features
	Septic arthritis
	Biologic therapies
	Long-bone osteomyelitis
	Vertebral osteomyelitis
	Prosthetic joint infection
	Septic bursitis

	Laboratory Investigations
	Microbiologic testing
	Imaging

	Management
	Septic arthritis
	Osteomyelitis


	Gonococcal Arthritis
	Epidemiology
	Microbiology
	Pathogenesis
	Clinical Features
	Investigations
	Management

	Syphilitic Arthritis
	Clinical Features
	Investigations
	Management

	References

	114 Mycobacterial, brucellar, fungal, and parasitic arthritis
	Key Points
	Introduction
	Tuberculous Arthritis
	Epidemiology
	Pathophysiology
	Musculoskeletal Manifestations
	Spondylitis (Pott Disease)
	Peripheral Arthritis
	Osteomyelitis
	Reactive Arthritis (Poncet Disease)
	Soft Tissue Abscess and Panniculitis
	Diagnosis
	Imaging
	Spondylitis
	Peripheral arthritis
	Osteomyelitis

	Treatment
	Prevention

	Leprosy and Other Atypical Mycobacterial Infections
	Epidemiology
	Microbiology
	Clinical Features
	Diagnosis
	Treatment

	Brucellosis
	Epidemiology
	Microbiology
	Clinical Features
	Diagnosis
	Treatment
	Prevention

	Fungal Musculoskeletal Infections
	Histoplasmosis
	Treatment

	Blastomycosis
	Treatment

	Paracoccidioidomycosis
	Treatment

	Coccidioidomycosis
	Treatment

	Cryptococcosis
	Treatment

	Aspergillosis
	Treatment

	Candidiasis
	Treatment

	Sporotrichosis
	Treatment


	Parasitic Arthritis
	Protozoans
	Diagnosis

	Cestodes
	Diagnosis

	Nematodes
	Diagnosis

	Trematodes
	Diagnosis
	Treatment


	References

	115 Viral infections
	Key Points
	Introduction
	Human Immunodeficiency Virus
	Rheumatic Manifestations in the Era Before Active Antiretroviral Therapy
	Rheumatic Complications in Global Areas Without Access to Active Antiretroviral Therapy
	Rheumatic Manifestations in the Era of Active Antiretroviral Therapy

	Parvovirus B19
	Virology
	Clinical Manifestations
	Laboratory Investigation

	Hepatitis B Virus
	Virology
	Clinical Manifestations

	Hepatitis C Virus
	Clinical Manifestations
	Coexistent arthropathy
	Hepatitis C virus–associated arthritis
	Arthritis in hepatitis C virus–associated cryoglobulinemic vasculitis


	Chikungunya and Other Alphaviruses
	Clinical Manifestations

	Human T-Cell Lymphotropic Virus Type I
	Other Viruses
	References

	B. Other Infection-Related Disease
	116 Lyme and other tickborne diseases
	Key Points
	History
	Epidemiology
	Etiologic Agent
	Pathogenesis
	Clinical Manifestations
	Skin
	Nervous System
	Cardiac System
	Joints

	Diagnosis
	Other Tickborne Diseases
	Differential Diagnosis

	Treatment
	Post–Lyme Disease Symptoms
	Prevention
	References


	117 Acute rheumatic fever
	Key Points
	Introduction
	Epidemiology
	Rheumatic Fever Risk Factors
	Streptococcus Factors
	Environmental Factors
	Host Factors
	HLA class II antigens
	B-cell alloantigen
	Gene polymorphisms


	Pathophysiology
	Relationship Between Group a β-Hemolytic Streptococcus and Rheumatic Fever
	Molecular Mimicry and Epitope Spreading
	Humoral Immune Response
	Cellular Immune Response
	Cytokine balance


	Pathology
	Myocarditis
	Endocarditis
	Pericarditis
	Arthritis
	Chorea

	Clinical Manifestations
	Arthritis
	Carditis
	Transition from acute to chronic heart disease
	Subclinical carditis
	Chronic rheumatic heart disease

	Sydenham Chorea
	Erythema Marginatum
	Subcutaneous Nodules

	Investigations
	Throat Cultures
	Rapid antigen testing
	Streptococcal antibody tests

	Acute-Phase Reactants
	Other Laboratory Findings
	Echocardiography

	Diagnosis
	Treatment
	Primary Prevention (Pharyngitis Treatment)
	Acute Rheumatic Fever
	Streptococcus eradication
	Arthritis, fever, and rash
	Acute carditis

	Emergency Valve Procedures
	Sydenham Chorea

	Secondary Prevention
	Endocarditis Prophylaxis
	Vaccines

	References

	118 Reactive arthritis
	Key Points
	Introduction
	Innate Immunity and Reactive Arthritis
	Too Much Immunity or Too Little?
	Self–Nonself Complexities Arising

	Chlamydia-Induced Reactive Arthritis
	Reactive Arthritis: the Noncanonical Septic Arthritis
	Chlamydial Persistence: Pathogenicity or Symbiosis?
	Mediators of Susceptibility to Chlamydia-Induced Reactive Arthritis
	Importance of Innate Immunity in Chlamydia-Induced Reactive Arthritis
	Macrophages as Key Players in Chlamydia-Induced Reactive Arthritis

	Classification Criteria
	Genetic Factors
	Epidemiology
	Clinical Features
	Arthritis
	Extraarticular Features


	Atypical Aspects of Reactive Arthritis
	SAPHO
	Clostridium Difficile and Giardia Lamblia
	Streptococcal Infections
	Human Immunodeficiency Virus and Reactive Arthritis

	Investigations
	Laboratory Testing
	Radiology

	Treatment
	Triggering Infection
	Acute Arthritis
	Extraarticular Symptoms
	Skin and Mucosal Lesions
	Chlamydia-Induced Reactive Arthritis
	Disease-Modifying Antirheumatic Drugs
	Biologic Agents in the Treatment of Reactive Arthritis

	Prophylaxis
	Prognosis and Natural History
	Future Directions in Reactive Arthritis
	Summary: Key Elements of the Clinical Approach to Reactive Arthritis (Box 118.4)
	References

	10 Spondyloarthritis and Psoriatic Arthritis
	119 Classification and epidemiology of spondyloarthritis
	Key Points
	Classification of Spondyloarthritis
	The Evolutionary Concept of Spondyloarthritis
	Diagnosis and Classification of Axial Spondyloarthritis
	Classification of Peripheral Spondyloarthritis

	Prevalence of Spondyloarthritis
	Genetic Factors
	Impact of Gender
	Conclusion
	References


	120 Inflammatory back pain
	Key Points
	Preface
	Introduction
	Overall Strategy
	References

	121 Clinical features of axial spondyloarthritis
	Key Points
	Introduction
	Clinical Features
	Inflammatory Back Pain
	Hip and Shoulder Involvement
	Peripheral Arthritis
	Chest Wall Involvement
	Enthesitis
	Physical Examination Findings
	Extraarticular Manifestations
	Uveitis

	Gastrointestinal manifestations
	Cardiac manifestations
	Pulmonary manifestations
	Renal manifestations
	Osteoporosis
	Spondylodiskitis and spinal fractures
	Atlantoaxial subluxation
	Neurologic manifestations
	Fatigue and psychosocial manifestations
	Axial Spondyloarthritis in Women

	Investigations
	Diagnosis and Classification
	Natural History

	Measures of Axial SpondylOarthritis Activity and Severity
	Disability and Socioeconomic Impact
	Life Span
	Conclusion
	References

	122 Pathogenesis and pathophysiology of axial spondyloarthritis
	Key Points
	Introduction
	Pathogenic Concepts: Autoimmunity as Driver of Spondyloarthritis?
	Spondyloarthritis as a Hyperinflammatory Disease
	Immunopathology of Spondyloarthritis
	Key Inflammatory Mediators in Spondyloarthritis
	Joint Remodeling in Spondyloarthritis
	References

	123 Genetics of axial spondyloarthritis
	Key Points
	Genetic Epidemiology of Ankylosing Spondylitis
	Major Histocompatibility Complex Genes
	HLA-B27 and HLA-B27 Subtypes
	Other Major Histocompatibility Complex Genes

	Non–Major Histocompatibility Complex Genes
	Ankylosing Spondylitis in East Asians
	Ankylosing Spondylitis in Africans
	Summary and Conclusions
	AcknowledgEment
	References

	124 Animal models of spondyloarthritis
	Key Points
	Introduction
	Animal Models of Spondyloarthritis
	HLA-B27/Human β2-Microglobulin Transgenic Rat
	SKG ZAP70W163C Mutant Mouse
	Systemic Interleukin-23 Overexpression
	TNFΔARE Mouse
	Selective A20-Deficiency

	Emerging Concepts and Translation of Disease Mechanisms
	References

	125 Imaging of spondyloarthritis
	Key Points
	Introduction
	Technical Aspects of Imaging in Axial Spondyloarthritis
	Importance of Imaging of the Sacroiliac Joints in Axial Spondyloarthritis
	Conventional Radiography
	Computed Tomography
	Scintigraphy
	Magnetic Resonance Imaging
	Technical aspects of magnetic resonance imaging
	Definition of a positive magnetic resonance imaging of the sacroiliac joint in axial spondyloarthritis

	Differential Diagnoses for Involvement of the Sacroiliac Joint
	Imaging of the Spine in Axial Spondyloarthritis
	Conventional Radiographs
	Magnetic Resonance Imaging
	Definition of Positive Magnetic Resonance Imaging Findings of the Spine in Axial Spondyloarthritis

	Differential Diagnoses for Involvement of the Spine
	Cauda Equina Syndrome
	Extravertebral Manifestations of Axial Spondyloarthritis

	Future Directions
	References

	126 Management of axial spondyloarthritis
	Key Points
	Historical Perspective
	Current Perspectives
	Assessment of Efficacy of Treatment of Axial Spondyloarthritis
	Pooled Indices
	Assessment of SpondyloArthritis international Society criteria
	Bath criteria

	Specific Clinical and Laboratory Markers
	Laboratory tests
	Spinal mobility
	Imaging


	Physical Therapy
	Nonbiologic Pharmacologic Therapy
	Nonsteroidal Antiinflammatory Drugs
	Nonsteroidal antiinflammatory drugs as disease modifiers

	Corticosteroids
	Systemic corticosteroids
	Intra-articular corticosteroids

	Conventional Disease-Modifying Antirheumatic Drugs
	Sulfasalazine
	Methotrexate
	Other disease-modifying antirheumatic drugs

	Biologic Agents (Biologic Dmards) (Table 126.5)
	Anti–Tumor Necrosis Factor-α–Blocking Agents
	Biologic basis
	Treatment of early axial spondyloarthritis with tumor necrosis factor blockers
	Can a good response to tumor necrosis factor blockers be predicted?
	Treatment targeting the interleukin-23–interleukin-17 pathway
	Can radiographic damage or progression be prevented by treatment with biologics?
	Tumor necrosis factor blockers for peripheral arthritis and enthesitis
	Switching after failure of the first biologic


	Management of Extra-articular Manifestations
	Anterior Uveitis
	Psoriasis and inflammatory bowel disease in patients with ankylosing spondylitis
	Tumor necrosis factor blockers for the treatment of juvenile spondyloarthritis
	Adverse events associated with biologic therapy

	Osteoporosis

	Surgical Intervention in Ankylosing Spondylitis
	Hip Replacement
	Spinal Surgery

	References

	127 Classification and epidemiology of psoriatic arthritis
	Key Points
	Introduction
	Diagnosis
	Epidemiology of Psoriatic Arthritis
	Genetic Predisposition of Psoriatic Arthritis
	Environmental Factors
	Prevalence and Incidence of Psoriatic Arthritis Among Patients With Psoriasis
	Classification
	Classification Versus Diagnosis
	References

	128 Clinical features of psoriatic arthritis
	Key Points
	History
	Clinical Features
	Classification Criteria
	Articular Involvement
	Symmetry of Involvement in Psoriatic Arthritis
	Distal Interphalangeal Joint Involvement
	Monoarticular and Oligoarticular Arthritis
	Symmetric Polyarthritis
	Arthritis Mutilans
	Spondyloarthritis

	Other Musculoskeletal Features
	Dactylitis
	Enthesitis
	Peripheral Edema
	Synovitis, Acne, Pustulosis, Hyperostosis, and Osteitis Syndrome
	Psoriatic Onychopachydermoperiostitis
	Associated Nail and Skin Changes
	Skin changes
	Nail involvement

	Other Extraarticular Features

	Juvenile Psoriatic Arthritis
	Investigations
	Laboratory Investigation
	Radiographic Changes
	Peripheral joint features
	Destructive changes
	Proliferative changes
	Spinal changes

	Other Imaging Modalities

	Differential Diagnosis and Clinical Evaluation
	Differential Diagnosis
	Clinical Evaluation

	Prognosis
	Functional Impairment
	Mortality

	References

	129 Etiology and pathogenesis of psoriatic arthritis
	Key Points
	Introduction
	Genetic Factors
	Environmental Factors
	Infection
	Trauma, Obesity, and Severity of Psoriasis

	Immunopathology
	Psoriatic Plaque
	Nail Disease
	Links Between Skin and Musculoskeletal Inflammation
	Synovium
	Enthesis
	Dactylitis

	Pathologic Cartilage Resorption and Altered Bone Remodeling
	Cartilage Resorption
	Altered Bone Remodeling

	Cytokine Pathways Involved in Skin and Joint Tissue Inflammation
	Psoriatic Disease
	Animal Models of Psoriatic Arthritis
	Lessons From Clinical Trials
	Conclusion
	References

	130 Animal models of psoriatic arthritis
	Key Points
	Animal Model Strategies and Concept
	Challenges in the Development of Animal Models for Psoriatic Disease
	Animal Models of Psoriatic Arthritis
	Spontaneous Models of Psoriatic Arthritis
	Transgenic Approaches Toward Psoriatic Arthritis Models
	Induced Models of Psoriatic Arthritis

	Lessons Learned and Future Perspectives
	References

	131 Management of psoriatic arthritis
	Key Points
	Introduction
	Is Psoriatic Arthritis an Important Pathology?
	Assessment of Disease Activity and Outcome of Psoriatic Arthritis
	Is There a Need for Novel Treatments in Psoriatic Arthritis?
	Nonsteroidal Antiinflammatory Drugs and Glucocorticoids
	Nonbiologic Disease-Modifying Antirheumatic Drugs
	Methotrexate
	Sulfasalazine
	Leflunomide
	Cyclosporine

	Biologic Disease-Modifying Antirheumatic Drugs
	Tumor Necrosis Factor Inhibitors
	Etanercept
	Infliximab
	Adalimumab
	Golimumab
	Certolizumab

	Other Biologic Disease-Modifying Antirheumatic Drugs
	Co-Stimulatory Blockade Agents
	Anti–Interleukin-12 and -23 Agents
	Anti–Interleukin-17
	Small Molecular Inhibitors

	Other Potential Treatments
	Treatment Recommendations
	Conclusion
	Acknowledgments
	References

	132 Enthesopathies
	Key Points
	Introduction
	History
	Anatomy and Pathology
	Anatomy
	Fibrocartilage
	Related structures

	Histopathologic Features

	Enthesitis and the Pathogenesis of Spondyloarthritis
	A Universal Hallmark of Spondyloarthritis
	Enthesitis and Osteitis
	An Enthesitis-Based Model
	Sites of Enthesitis
	Symptoms and Signs
	Differential Diagnosis

	Imaging
	Magnetic Resonance Imaging
	Conventional Radiography
	Ultrasonography

	Management
	First-Line Therapy
	Disease-Modifying Therapy for Enthesitis

	References

	11 Systemic Lupus Erythematosus and Related Diseases
	133 Epidemiology and classification of systemic lupus erythematosus
	Key Points
	Introduction
	Classification of Systemic Lupus Erythematosus for Clinical Studies and Trials
	Systemic Lupus Erythematosus Heterogeneity and Subphenotypes
	Descriptive Epidemiology of Systemic Lupus Erythematosus
	Prevalence in the United States
	Ethnicity and Geography
	Sex
	Age

	Risk Factors for Systemic Lupus Erythematosus
	Hormonal and Reproductive Factors
	Cigarette Smoking and Alcohol Consumption
	Environmental Contaminants
	Nutritional Factors and Ultraviolet Light
	Infections and Immunizations

	Epidemiology of Major Adverse Outcomes Among Patients With Systemic Lupus Erythematosus
	Conclusions
	Acknowledgement
	References


	134 Preclinical features of systemic lupus erythematosus
	Key Points
	Introduction
	Importance of Understanding and Identifying Preclinical Lupus
	Healthy Individuals With Antinuclear Autoantibodies
	Clinical and Serologic Features of Healthy Individuals Who Transition to Systemic Lupus Erythematosus
	Risk Factors for Transition in Relatives of Patients With Systemic Lupus Erythematosus
	Clinical Manifestations and Transition of Patients With Incomplete, Potential, or Latent Lupus
	Transition of Patients With Undifferentiated Connective Tissue Disease to Systemic Lupus Erythematosus
	Development of Systemic Lupus Erythematosus in Patients With Another Systemic Autoimmune Disease
	Conclusions
	Acknowledgements
	References

	135 Clinical features of systemic lupus erythematosus
	Key Points
	Introduction
	Clinical Features
	General Manifestations
	Cutaneous Manifestations
	Musculoskeletal Features
	Renal Manifestations
	Neuropsychiatric Manifestations
	Gastrointestinal Involvement
	Lymphatic and Hematologic Involvement
	Cardiopulmonary Involvement
	Accelerated Atherosclerosis
	Endocrine Manifestations
	Eye, Ear, Nose, Throat Manifestations
	Malignancies
	Infections
	Acknowledgement
	References

	136 Genetics of systemic lupus erythematosus
	Key Points
	Introduction
	The Big Picture
	Genome-Wide Association Studies
	Computational and Biologic Studies Nominate Causal Mechanisms for Genetic Risk
	Isolated Cases
	TREX1
	Early Complement Components

	Examples of Lupus Risk Loci Identified Through Population Sample Studies
	Human Leukocyte Antigen
	TNFAIP3
	ITGAM
	ETS1
	IRF5-TNPO3
	STAT4 and STAT1
	CD44

	Sex Chromosomes
	TLR7
	IRAK1-MECP2

	Some Open Questions
	The Future of Systemic Lupus Erythematosus Genetics
	References

	137 Immunopathology of systemic lupus erythematosus
	Key Points
	Introduction
	Pathology
	Characteristic Lesions
	Hematoxylin bodies
	Libman-Sacks endocarditis

	Cutaneous Immunopathology
	Vascular Immunopathology
	Immunopathology of Lymphoid Organs
	Renal Immunopathology
	Approach to classification
	Prognostic features
	Pathogenetic mechanisms

	Central Nervous System Immunopathology
	Cardiac Immunopathology
	Pulmonary Immunopathology

	Properties of Immune Complexes
	Antibodies and Antigens
	Critical Properties of Immune Complexes
	Pathogenic Mechanisms

	Biology of Immune Complex Handling
	Role of Complement in Immune Complex Handling
	Receptors for the Fc Region of Immunoglobulin G
	Structure and function
	Fcγ receptors and systemic lupus erythematosus


	Complement and Fcγ Receptor Function: Targets for Treatment
	References

	138 Animal models of systemic lupus erythematosus
	Key Points
	Introduction
	Spontaneous Mouse Models
	New Zealand Black Mouse
	(NZB × NZW)F1 Mouse
	New Zealand Mixed Strains
	SNF1 Mouse
	MRL/Lpr and Gld Mice
	BXSB Mouse

	Induced Models
	Pristane-Induced Lupus

	Engineered Mouse Models
	References

	139 Autoantibodies in systemic lupus erythematosus
	Key Points
	Introduction
	Antinuclear Antibodies
	Fluorescent Antinuclear Antibody Assay
	Alternative Techniques for Detecting Antinuclear Antibodies

	Antinuclear and Anticytoplasmic Autoantibodies
	“Antiphospholipid” Autoantibodies
	Cell Membrane Autoantibodies
	Autoantibodies as the Initial Manifestation of Autoimmunity
	Mechanisms of Autoantibody Production in Lupus
	How Are Lupus Autoantigens Selected?

	References

	140 Pathogenesis of systemic lupus erythematosus
	Key Points
	Genetic Susceptibility and Gender and Environmental Triggering Factors
	Innate Immune Responses
	Type I Interferons and Other Cytokines
	Neutrophils and Neutrophil Extracellular Traps

	Dendritic Cells and Other Antigen-Presenting Cells
	Adaptive Immune Responses
	B Cells and the Production of Autoantibodies
	T Cells and Regulation of the Immune Response

	Local Factors Involved in Lupus Pathogenesis
	Concluding Remarks
	References

	141 Drug-induced lupus
	Key Points
	Historical Aspects
	Epidemiology
	Guidelines for Defining Drug-Induced Lupus
	Clinical Features
	Complementary and Alternative Medications
	Laboratory Features
	Therapeutic Options
	Pathogenesis
	Conclusions
	References

	142 Assessing disease activity and outcome in systemic lupus erythematosus
	Key Points
	Introduction
	Overview of Disease Activity Indices
	Global Disease Activity Indices
	Systemic Lupus Erythematosus Disease Activity Index
	Systemic Lupus Activity Measure
	European Consensus Lupus Activity Measure

	Organ-Specific Indices
	British Isles Lupus Assessment Group Disease Activity Index
	Renal Outcome Measures
	Cutaneous Outcome Measures

	Measures of Change in Disease Activity
	Measurement of Improvement by Composite Responder Indices
	Measurement of Flare
	Measurement of Damage

	Health-Related Quality of Life
	Generic Questionnaires
	Disease-Specific Health-Related Quality of Life Questionnaires
	Fatigue Measures

	Miscellaneous
	Corticosteroid and Immunosuppressive Background Therapy
	Patient and Physician Global Assessment of SLE Activity

	Critique of Systemic Lupus Ertyhematosus Outcomes in Randomized Controlled Trials
	Other Trial Designs
	Conclusion
	References

	143 Management of nonrenal and non–central nervous system lupus
	Key Points
	Introduction
	Recommended Assessment and Monitoring of Patients With Systemic Lupus Erythematosus With Nonrenal, Non–Central Nervous System Manifestations
	Management of Osteoarticular Manifestations
	Arthritis
	Avascular Necrosis
	Myositis

	Management of Cutaneous Manifestations
	General Nonpharmacologic Measures
	Topical Treatment
	Systemic Therapy
	Biologic Therapies and Experimental Drugs

	Hematologic Involvement
	Management of Cardiopulmonary Manifestations
	Management of Other Nonrenal, Non–Central Nervous System Manifestations
	Future Perspectives: Treat to Target in Systemic Lupus Erythematosus
	References

	144 Management of central nervous system lupus
	Key Points
	Etiology of Neuropsychiatric Systemic Lupus Erythematosus
	Clinical Manifestations of Neuropsychiatric Systemic Lupus Erythematosus
	Headache
	Psychosis, Mood Disorders, and Anxiety
	Cerebrovascular Disease
	Seizures
	Demyelination, Transverse Myelopathy, and Chorea
	Neuropathy and Myasthenia Gravis
	Acute Confusional State
	Neurocognitive Disorders

	Diagnosis of Neuropsychiatric Systemic Lupus Erythematosus
	Neuroimaging in Neuropsychiatric Systemic Lupus Erythematosus
	Treatment of Neuropsychiatric Events in Patients With Systemic Lupus Erythematosus
	Inflammation-Mediated Injury
	Vascular-Mediated Injury
	Pharmacologic Treatment and Rehabilitation of Neurocognitive Disorders

	References

	145 Management of renal lupus
	Key Points
	Introduction
	Diagnosis and Assessment of Disease Activity
	Clinical Presentation
	Urinalysis
	Renal Biopsy

	Monitoring of Lupus Nephritis
	Renal Function
	Proteinuria
	Urinalysis
	Serologic testing
	Biomarker levels

	Assessment of Prognosis and Risk Stratification

	Therapeutic Agents and Controlled Trials in Lupus Nephritis
	Glucocorticoids and Cytotoxic Drugs
	Azathioprine
	Mycophenolic Acid
	Induction therapy
	Severe lupus nephritis
	Membranous lupus nephritis
	Maintenance therapy

	Calcineurin Inhibitors
	Cyclosporine
	Tacrolimus

	Biologic Agents
	Rituximab
	Belimumab
	Abatacept


	Treatment Options and Recommendations
	Proliferative Lupus Nephritis
	Initial (induction) treatment
	Mild disease
	Moderate disease
	Severe disease

	Subsequent (maintenance) treatment
	Mild or moderate disease
	Severe disease


	Membranous Lupus Nephropathy
	Initial (induction) treatment
	Subsequent (maintenance) treatment

	Response, Remission, and Relapse
	Renal response and refractory nephritis
	Renal relapses


	Comorbid Conditions
	Hypertension
	Dyslipidemia and Cardiovascular Morbidity
	Thrombotic Diathesis and Renal Vasculopathy

	Lupus Nephritis in Pregnancy
	Lupus Nephritis in Children
	Management of Chronic Renal Insufficiency
	End-Stage Renal Disease and Dialysis
	Renal Transplantation
	Future Directions
	Novel Therapies

	References

	146 Systemic lupus erythematosus in pregnant patients and neonatal lupus
	Key Points
	Introduction
	Prepregnancy Evaluation and Counseling
	Medication Use in Pregnancy
	Maternal and Fetal Complications During Pregnancy
	Distinguishing Changes of Normal Pregnancy From Lupus Flares
	Lupus Nephritis and Preeclampsia
	Antiphospholipid Antibodies
	Neonatal Lupus

	Management
	Monitoring
	Labor and Delivery

	References

	147 Sjögren syndrome
	Key Points
	History
	Epidemiology
	Glandular Pathology
	Clinical Features
	Glandular Involvement
	Ocular manifestations
	Oral manifestations

	Extraglandular Manifestations
	Overview
	Primary versus secondary disease
	Constitutional symptoms
	Cutaneous involvement
	Musculoskeletal involvement
	Pulmonary involvement
	Gastrointestinal and hepatic involvement
	Renal involvement
	Gynecologic involvement
	Neurologic involvement
	Endocrine involvement
	Systemic vasculitis
	Hematologic abnormalities


	Systemic Autoimmunity
	Association With Other Autoimmune Diseases
	Lymphoproliferative Disease
	Natural History
	Classification Criteria
	Diagnostic Evaluation
	Ophthalmologic Examination
	Major Salivary Glands
	Labial Gland Biopsy

	Assessment of Disease Activity
	Differential Diagnosis
	Pathogenesis
	Genetic Susceptibility
	Environmental Factors
	Effector Pathways
	B cells and B cell–activating factor
	Interferons
	T cells
	Role of the target tissue

	Lymphomagenesis

	Management
	Glandular Manifestations
	Extraglandular Manifestations
	Lymphoma

	References

	148 Antiphospholipid syndrome
	Key Points
	Antiphospholipid Syndrome: Definition and History
	Epidemiology
	Pathogenesis
	Mechanisms of Thrombosis
	Mechanisms of Pregnancy Loss

	Clinical Features
	Overview
	Venous Thrombosis
	Arterial Thrombosis
	Pregnancy Complications
	Nervous System Abnormalities
	Cardiac Valve Abnormalities
	Skin Manifestations
	Thrombocytopenia and Hemolytic Anemia
	Renal Manifestations
	Catastrophic Antiphospholipid Syndrome

	Laboratory Diagnosis
	Serologic Assays Used in the Diagnosis of Antiphospholipid Syndrome
	Anticardiolipin test
	Lupus anticoagulant test
	Anti–β2-GPI test

	Novel Serologic Assays for Antiphospholipid Syndrome
	Seronegative Antiphospholipid Syndrome
	Importance of Scoring Systems in Antiphospholipid Syndrome
	Thrombotic risk assessment
	Irreversible damage assessment


	Management
	Management of Thrombosis
	Secondary thromboprophylaxis
	Non–vitamin K antagonist oral anticoagulants
	Primary thromboprophylaxis


	Pregnancy Management
	General Pregnancy Care in Women With Antiphospholipid Syndrome
	Pharmacologic Management of Antiphospholipid Syndrome During Pregnancy
	Recurrent Early (Preembryonic or Embryonic) Miscarriage
	Fetal Death or Prior Early Delivery Caused by Severe Preeclampsia or Placental Insufficiency
	Antiphospholipid Syndrome With Thrombosis
	Postpartum Period

	Management of Other Manifestations of Antiphospholipid Syndrome
	Alternative Therapies for Refractory and Difficult Cases
	Hydroxychloroquine
	Statins
	Rituximab
	New Oral Anticoagulants
	Future Treatments

	References

	12 Systemic Sclerosis
	149 Classification and epidemiology of systemic sclerosis (scleroderma)
	Key Points
	Introduction
	Epidemiology, Incidence, and Prevalence
	Age at Onset
	Racial and Ethnic Factors
	Gender Differences
	Survival
	Familial Systemic Sclerosis and Genetic Influences
	Genetics of Systemic Sclerosis

	Classification
	Classification Based on Autoantibody Profile

	References


	150 Clinical and serologic features of systemic sclerosis
	Key Points
	Introduction
	Diagnosis and Classification
	Clinical Features
	Skin
	Musculoskeletal
	Gastrointestinal Tract
	Heart
	Arrhythmias and conduction defects
	Myocarditis
	Cardiac fibrosis
	Valvular heart disease
	Systolic and diastolic dysfunction

	Lungs
	Upper airways
	Parenchymal lung disease
	Pleural and pericardial disease
	Pulmonary vascular disease

	Renal Scleroderma
	Digital Vasculopathy
	Neurologic Manifestations of Systemic Sclerosis
	Calcinosis
	Sexual Dysfunction

	Serologic Features of Systemic Sclerosis
	Autoimmune Serology
	Risk Stratification

	Conclusions
	References

	151 Etiology and pathogenesis of systemic sclerosis
	Key Points
	Introduction
	Pathology
	Vascular Pathology
	Tissue Fibrosis
	Organ-Specific Pathology
	Skin
	Lungs
	Myocardial pathology
	Gastrointestinal tract
	Kidneys
	Pathologic findings in other organs


	Pathogenesis: Immunity, Vascular Injury, and Fibrosis
	Inflammation and Immunity
	The immune response in systemic sclerosis
	Innate immunity in systemic sclerosis
	Monocyte and macrophage activation in fibrosis
	Innate immune responses in systemic sclerosis
	Oxidative stress
	Endoplasmic reticulum stress, autophagy, and the unfolded protein response
	The inflammasome in systemic sclerosis


	Humoral immunity in the pathogenesis of systemic sclerosis
	Autoantibodies associated with nucleic acids in systemic sclerosis
	Neoantigens as autoimmune targets in systemic sclerosis
	Autoantibodies implicated in tissue damage in systemic sclerosis
	Toll-like receptor activation and autoreactive B cells
	Cellular immunity in systemic sclerosis
	Adaptive T-cell responses in fibrotic disease
	Type 2 helper T-cell immune skewing and fibrosis
	Innate lymphoid cells in systemic sclerosis

	Proinflammatory mediators in SSc (Table 151.2)
	Interferon


	Interleukin-4 and interleukin-13
	Interleukin-6
	Adenosine
	Tumor necrosis factor-α
	Chemokines

	Vascular Injury and Vasculopathy in Systemic Sclerosis
	Endothelial cell injury and apoptosis
	Cytotoxic factors in endothelial apoptosis
	Vascular spasm, reactive oxygen species, and hypoxia
	Endothelium-dependent relaxation and nitric oxide
	Endothelin-1
	Intimal hyperplasia
	Endothelial–mesenchymal transformation
	Circulating endothelial cells and vascular progenitor cells
	Platelet activation and coagulation

	Tissue Fibrosis
	Pathogenesis of fibrosis: cellular and molecular determinants
	Cellular determinants of fibrosis
	Fibroblasts
	Myofibroblasts
	Pericytes

	Cellular transitions in systemic sclerosis
	Bone marrow–derived mesenchymal progenitor cells
	Molecular determinants of fibrosis
	Regulation of collagen production

	Cell-autonomous regulation of collagen synthesis
	Deregulated adipogenesis in fibrosis and systemic sclerosis
	Peroxisome proliferator–activated-γ: the interface between adipogenesis and fibrosis

	Biomechanical signaling

	Fibrogenic Growth Factors and Chemokines
	Transforming growth factor-β is a master regulator of connective tissue remodeling
	Connective tissue growth factor or CCN2
	Platelet-derived growth factors
	Wnt–β-catenin signaling
	Paracrine mediators with antifibrotic activity
	Cultured systemic sclerosis fibroblasts show altered activation ex vivo


	Etiology
	Genetic Studies in Systemic Sclerosis
	Epigenetic changes in systemic sclerosis
	Analysis of gene expression patterns in systemic sclerosis: distinct molecular subsets

	Infectious Etiologic Agents in Systemic Sclerosis
	Environmental Exposure, Drugs, and Radiation

	Animal Models of Systemic Sclerosis
	Heritable Animal Models of Scleroderma
	Tight skin 1 mouse
	Tight skin 2 mice
	Constitutive transforming growth factor-β receptor 1 signaling

	Inducible Animal Models of Scleroderma
	Bleomycin-induced scleroderma in the mouse

	Immunologically Induced Mouse Models of Systemic Sclerosis
	Topoisomerase I immunization in mice
	Type V collagen immunization in rabbits
	Sclerodermatous chronic graft-versus-host disease


	References

	152 Assessing disease activity and outcomes in systemic sclerosis
	Key Points
	Introduction
	Measuring Disease Activity and Severity in Scleroderma
	Disease Activity in Scleroderma
	Assessment of Disease Severity

	Outcome Measures in Scleroderma
	Measuring Skin Disease in Scleroderma
	Measuring Musculoskeletal Involvement in Scleroderma
	Measuring Pulmonary Disease in Scleroderma
	The 6-minute walk test—an outcome measure for pulmonary arterial hypertension
	Dyspnea indices

	Measuring Gastrointestinal Tract Disease in Scleroderma
	Measuring Vascular Disease in Scleroderma: Raynaud Phenomenon and Digital Ulcers
	Measuring ischemic digital ulcers in scleroderma

	Measuring Physical Function and Health-Related Quality of Life
	Patient-Reported Outcomes Measurement Information System
	Preference-based measures for health-related quality of life: the Short Form 6D
	American College of Rheumatology Provisional Composite Response Index for Clinical Trials in Early Diffuse Cutaneous Systemic Sclerosis

	Biomarkers for Scleroderma

	Conclusion
	Acknowledgements
	References

	153 Management of systemic sclerosis
	Key Points
	Introduction
	Principles of Effective Management
	Organ-Based Assessment and Treatments
	Raynaud Phenomenon
	Musculoskeletal Complications
	Skin Thickening
	Other Skin Manifestations
	Gastrointestinal Complications
	Lung Disease
	Pulmonary Fibrosis
	Treatment

	Pulmonary Vascular Disease
	Treatment

	Cardiovascular Disease
	Renal Scleroderma

	Summary
	References

	154 Raynaud phenomenon
	Key Points
	History
	Nomenclature
	Epidemiology and Etiology
	Pathophysiology
	Neural Abnormalities and Mechanisms
	Vascular Abnormalities and Mechanisms
	Intravascular Abnormalities and Mechanisms

	Clinical Features
	Investigations
	Confirming RP
	Investigations for Secondary Causes

	Management
	General Measures
	Drug Treatment
	Calcium channel blockers
	Other vasodilators
	Prostaglandin treatment
	Iloprost
	Oral and transdermal prostaglandins
	Alprostadil
	Other medical therapies

	Surgery

	Conclusion
	Acknowledgment
	References

	155 Localized scleroderma and scleroderma- like syndromes
	Key Points
	Localized Forms of Scleroderma
	Morphea
	Deep morphea or morphea profunda
	Generalized or diffuse morphea

	Linear Scleroderma

	Conditions That Mimic Scleroderma
	Scleromyxedema
	Nephrogenic Systemic Fibrosis
	Scleredema
	Eosinophilic Fasciitis
	Chronic Graft-Versus-Host Disease

	References

	13 Inflammatory Muscle Disease
	156 Classification, epidemiology, and clinical features of inflammatory muscle disease
	Key Points
	Epidemiology
	Classification Criteria
	Incidence and Prevalence by Age, Race, and Sex
	Environmental Factors
	Genetic Factors

	Clinical Features
	Constitutional
	Skeletal Muscle
	Skin
	Calcinosis
	Joints
	Lung
	Heart
	Gastrointestinal Tract
	Peripheral Vascular System
	Kidney

	Differential Diagnosis
	Noninflammatory Myopathies
	Other Inflammatory Myopathies
	Malignancy and Myositis

	Investigations
	General Concepts
	Serum Muscle Enzymes
	Electromyography
	Muscle Biopsy
	Magnetic Resonance Imaging
	Skin
	Serum Autoantibodies

	Overview of the Natural History and Disease Prognosis
	Prognostic Considerations
	Survival
	Disability

	References


	157 Etiology and pathogenesis of inflammatory muscle disease (myositis)
	Key Points
	Introduction
	Muscle Biology and Physiology
	Muscle Development and Regeneration

	Etiology
	Genetic Factors
	Environmental Factors
	Infections
	Ultraviolet Light and Vitamin D Deficiency
	Drugs
	Smoking
	Malignancy

	Pathogenesis
	Muscle Histopathologic Features
	Immunopathologic Features
	Cytokines and Chemokines
	Immune Mechanisms and Muscle Function
	Mechanisms of cell damage
	Indirect effects of molecules from the immune system (cytokines and others) on muscle metabolism and function
	Involvement of the microvasculature in inflammatory myopathies

	Humoral Mechanisms

	Inclusion Body Myositis
	Conclusion
	References

	158 Clinical significance of autoantibodies in inflammatory muscle disease
	Key Points
	Introduction
	Myositis-Associated Autoantibodies
	Anti–PM-Scl
	Anti-Ro/SSA and Anti-La/SSB
	Anti-Ku
	Anti–U1-SnRNP

	Myositis-Specific Autoantibodies
	Anti-ARS

	Dermatomyositis-Associated Autoantibodies
	Anti–Mi-2
	Anti-MDA5
	Anti–TIF-1γ
	Anti-SAE
	Anti-NXP2
	Anti-PUF60

	Inclusion Body Myositis–Associated Antibody
	Anti-Mup44

	Immune-Mediated Necrotizing Myopathy–Associated Antibodies
	Anti-SRP
	Anti-HMGCR/Anti-200/100

	Conclusion
	References

	159 Management of inflammatory muscle disease
	Key Points
	General Principles
	Assessing Disease Activity and Damage
	Drug Therapies
	Corticosteroids
	Adrenocorticotropic Hormone Gel
	Methotrexate
	Azathioprine
	Intravenous Immunoglobulin
	Mycophenolate
	Cyclosporine and Tacrolimus
	Cyclophosphamide
	Antimalarials
	Rituximab
	Anti–Tumor Necrosis Factor Agents
	Other Therapies

	Nonmedical Treatments
	Patient and Family Education
	Rehabilitation

	Management of Extramuscular Manifestations
	Interstitial Lung Disease
	Cardiac Involvement
	Gastrointestinal Involvement
	Skin Involvement
	Calcinosis
	Inclusion Body Myositis
	Statin-Associated Necrotizing Myopathy

	Future Directions
	Acknowledgements
	References

	160 Metabolic, drug-induced, and other noninflammatory myopathies
	Key Points
	Metabolic Myopathies
	Glycogen and Glucose Metabolism (Fig. 160.1)
	Defects of Glucose and Glycogen Metabolism
	Myophosphorylase deficiency (McArdle disease, glycogenosis type V)
	Phosphofructokinase deficiency (glycogen storage disease type VII, Tarui disease)
	Debrancher deficiency (Cori-Forbes disease, glycogenosis type III)
	Acid maltase deficiency (glycogenosis type II, Pompe disease)

	Lipid Metabolism
	Fatty Acid Oxidation Disorders
	Carnitine palmitoyltransferase II deficiency
	Very-long-chain acyl-CoA dehydrogenase deficiency
	Long-chain acyl-CoA dehydrogenase deficiency and trifunctional protein deficiency

	Mitochondrial Myopathies
	Myoadenylate Deaminase Deficiency

	Drug- and Toxin-Induced Myopathies
	Statins
	Colchicine
	Hydroxychloroquine
	Glucocorticoids
	Alcohol

	Endocrine Myopathies
	Thyroid Disorders
	Cushing Syndrome
	Diabetes

	Muscular Dystrophies
	Duchenne Muscular Dystrophy
	Becker Muscular Dystrophy
	Emery-Dreifuss Muscular Dystrophy
	Limb-Girdle Muscular Dystrophies
	Myotonic Dystrophy
	Proximal Myotonic Myopathy

	Infectious Myopathies
	Pyomyositis
	Gas Gangrene
	Psoas Abscess
	Influenza
	Human Immunodeficiency Virus
	Parasites

	References

	14 The Vasculitides
	161 Classification and epidemiology of vasculitis
	Key Points
	Introduction
	Classification, Definitions, and Diagnostic Criteria for Vasculitis
	Historical Background
	American College of Rheumatology 1990 Classification Criteria
	Chapel Hill Consensus Conferences
	European Medicines Algorithm
	Criteria for Childhood Vasculitis

	Large-Vessel Vasculitis
	Medium-Vessel Vasculitis
	Polyarteritis Nodosa
	Kawasaki Disease

	Small-Vessel Vasculitis
	ANCA Vasculitis
	Immune Complex Vasculitis
	Cryoglobulinemic vasculitis
	Immunoglobulin A vasculitis (Henoch-Schönlein purpura)
	Hypocomplementemic urticarial vasculitis

	Other Types of Vasculitides
	Behçet disease


	Diagnostic Criteria for Vasculitis
	Current Position

	Epidemiology of Vasculitis
	Vasculitides Predominantly Affecting Large Vessels
	Giant Cell Arteritis
	Takayasu Arteritis

	Vasculitides Predominantly Affecting Medium-Sized Vessels
	Polyarteritis Nodosa
	Kawasaki Disease

	Vasculitides Predominantly Affecting Small Vessels
	ANCA-Associated Vasculitis
	Incidence
	Prevalence
	Influence of race and ethnicity
	Genetic influences
	Other environmental factors

	Immunoglobulin a Vasculitis (Henoch-Schönlein Purpura)
	Anti–Glomerular Basement Membrane Disease (Goodpasture’s Syndrome)
	Behçet Disease
	Secondary Vasculitides

	Current Status
	Acknowledgement
	References
	References


	162 Biology and immunopathogenesis of vasculitis
	Key Points
	Introduction
	The Endothelium
	Endothelial Cell Activation
	Leukocyte–Endothelium Interaction
	Role of Aging in Leukocyte-Endothelial Interaction
	Endothelium, Coagulation, and Inflammation
	Damage and Repair: Angiogenesis
	Immunopathogenesis of Small-Vessel Vasculitides
	Immune Complex–Mediated Small-Vessel Vasculitides
	Immunoglobulin A vasculitis (Henoch-Schönlein purpura)
	Anti–glomerular basement membrane disease
	Cryoglobulinemic vasculitis
	Hypocomplementemic urticarial vasculitis (anti-C1q vasculitis)

	Antineutrophil Cytoplasmic Antibody–Associated Vasculitides
	Immunopathogenesis of Major Small-Vessel Vasculitides
	Granulomatosis with polyangiitis
	Microscopic polyangiitis
	Eosinophilic granulomatosis with polyangiitis


	Immunopathogenesis of Vasculitides of Medium- and Small-Sized Arteries
	Polyarteritis Nodosa
	Kawasaki Disease

	Immunopathogenesis of Large-Vessel Vasculitides
	Giant Cell Arteritis
	Takayasu Arteritis

	Conclusion
	References

	163 Polyarteritis nodosa and Cogan syndrome
	Key Points
	Introduction
	Polyarteritis Nodosa
	Definition
	Classification
	Epidemiology
	Environmental factors
	Genetics

	Clinical Features
	Cutaneous lesions
	Musculoskeletal features
	Neurologic features
	Renal involvement
	Gastrointestinal involvement
	Cardiac involvement
	Orchitis
	Other features
	Secondary polyarteritis nodosa
	Limited forms of polyarteritis

	Pathology
	Investigations
	Differential Diagnosis
	Management
	Prognosis

	Cogan Syndrome
	Definition
	Classification
	Typical and atypical Cogan syndrome

	Epidemiology
	Environmental factors
	Pathogenesis

	Clinical Features
	Ocular
	Vestibuloauditory
	Vasculitis
	Other systemic features
	Associations with other diseases

	Assessment of Disease Activity and Investigations
	Blood and cerebrospinal fluid
	Assessment of organ involvement
	Ocular
	Vestibuloauditory
	Cardiovascular
	Neurologic


	Differential Diagnosis
	Management
	Main principles
	Ocular disease
	Vestibuloauditory disease
	Systemic vasculitis

	Prognosis

	Conclusion
	Acknowledgements
	References

	164 Antineutrophil cytoplasm antibody– associated vasculitis
	Key Points
	Definition
	Etiology and Pathogenesis
	Epidemiology
	Classification and Definitions
	Clinical Features
	Investigations and Differential Diagnosis of Antineutrophil Cytoplasm Antibody–Associated Vasculitis
	Pathology
	Clinical Assessment of Vasculitis
	Disease Activity
	Damage in Vasculitis
	Other Scores
	Assessing Function

	Therapies
	Treatments
	No Treatment
	Topical and Other Treatment of Upper and Lower Airways
	Systemic Glucocorticoid Therapy
	Immunosuppressive Agents
	Rituximab
	Other Immunosuppressive Agents

	Outcomes
	References

	165 Takayasu arteritis
	Key Points
	History
	Epidemiology
	Clinical Features
	Investigations
	Diagnosis and Monitoring of Disease Activity
	Laboratory Investigations
	Radiographic Studies

	Differential Diagnosis
	Pathology
	Management
	General Principles
	Conventional Immunosuppressive Agents
	Glucocorticoids
	Methotrexate
	Cyclophosphamide
	Azathioprine
	Other conventional immunosuppressive agents

	Biologic Therapies
	Antiplatelet Therapy
	Nonmedical Interventions
	Management of Comorbid Features

	Outcome
	Pregnancy

	References

	166 Polymyalgia rheumatica and giant cell arteritis
	Key Points
	Introduction
	Epidemiology and Diagnosis
	Relationship Between Polymyalgia Rheumatica and Giant Cell Arteritis
	Pathology
	Pathogenesis
	Role of Infectious Agents
	Immunogenetics
	Innate and Adaptive Immune Mechanisms

	Clinical Findings
	Giant Cell Arteritis
	Cranial Symptoms
	Visual symptoms
	Cerebrovascular ischemic events
	Constitutional symptoms
	Large vessel vasculitis
	Musculoskeletal symptoms and polymyalgia
	Other less frequent manifestations

	Polymyalgia Rheumatica

	Laboratory Findings
	Imaging
	Polymyalgia Rheumatica
	Giant Cell Arteritis
	Ultrasonography
	Computed tomography and computed tomography angiography
	Magnetic resonance imaging and magnetic resonance angiography
	Digital subtraction angiography
	18F-Fluorodeoxyglucose positron emission tomography


	Differential Diagnosis
	Treatment
	Giant Cell Arteritis
	Polymyalgia Rheumatica

	References

	167 Behçet disease
	Key Points
	Introduction
	Epidemiology
	Pathogenesis
	Clinical Features
	Mucocutaneous Features
	Eye Involvement
	Musculoskeletal Features
	Cardiovascular Involvement
	Neurologic Involvement
	Gastrointestinal Involvement
	Lung Involvement
	Others

	Laboratory Features
	Disease Course and Prognosis
	Differential Diagnosis
	Management
	References

	168 Kawasaki disease
	Key Points
	History
	Epidemiology
	Clinical Features
	Laboratory Assessments
	Pathologic Features
	Etiology and Pathogenesis
	Treatment and Management
	References

	169 IgA vasculitis (Henoch-Schoenlein purpura)
	Key Points
	Definition
	Epidemiology
	Classification
	Etiology and Pathogenesis
	Environmental Factors
	Immunologic Factors
	Genetic Background

	Clinical Findings
	Cutaneous Involvement
	Joint Involvement
	Gastrointestinal Involvement
	Renal Involvement
	Genitourinary Involvement
	Neurologic Involvement
	Pulmonary Involvement
	Malignancy
	Pregnancy

	Diagnosis
	Differential Diagnosis
	Treatment
	Treatment of Henoch-Schönlein Purpura–Associated Nephritis
	Moderate nephritis
	Rapidly progressive glomerulonephritis
	Renal transplantation


	Outcome and Prognosis
	References

	170 Cutaneous vasculitis and panniculitis
	Key Points
	Classification
	Vasculitis
	Panniculitis

	Pathologic, Clinical, and Systemic Features
	Cutaneous Vasculitides
	Histopathologic features
	Palpable purpura
	Urticarial lesions
	Other cutaneous lesions
	Systemic manifestations
	Vasculitic syndromes with prominent cutaneous disease
	Acute hemorrhagic edema of infancy
	Hypocomplementemic urticarial vasculitis
	Vasculitis associated with paraproteinemia
	Paraneoplastic vasculitis
	Cutaneous polyarteritis nodosa
	Erythema elevatum diutinum

	Cutaneous vasculitis in patients with rheumatic diseases
	Cocaine- or levamisole-associated vasculitis and vasculopathy syndrome

	Panniculitides
	Erythema nodosum
	Idiopathic neutrophilic lobular panniculitis
	α1-Antitrypsin deficiency–associated panniculitis
	Pancreatic panniculitis
	Calcifying panniculitis of renal failure
	Poststeroid panniculitis
	Lipoatrophic panniculitis
	Histiocytic cytophagic panniculitis or subcutaneous panniculitis–like T-cell lymphoma
	Lupus erythematosus panniculitis (lupus profundus)
	Sclerosing panniculitis (lipodermatosclerosis)
	Factitial panniculitis


	Investigations
	Cutaneous Vasculitis
	Panniculitis

	Differential Diagnosis
	Cutaneous Vasculitis
	Panniculitis

	Management
	Cutaneous Vasculitis
	Panniculitis

	Conclusion
	References

	171 Cryoglobulinemia
	Key Points
	Epidemiology
	Clinical Manifestations
	Skin Manifestations
	Joint Manifestations and Weakness
	Renal Manifestations
	Nervous Manifestations
	Liver Manifestations
	Lymphoproliferation
	Other Manifestations

	Outcome
	Diagnosis and Classification
	Pathogenesis
	Therapy
	Acknowledgement
	References

	172 Primary angiitis of the central nervous system
	Key Points
	History
	Case Definition and Criteria
	Clinical Syndromes of Cerebral Vasculitis
	Primary Central Nervous System Vasculitis
	Clinical Findings
	Pathogenesis
	Pathology
	Laboratory Investigations
	Brain Imaging
	Biopsy Findings
	Differential Diagnosis
	Reversible cerebral vasoconstriction syndromes
	Amyloid angiitis
	Paraneoplastic angiitis


	Diagnostic Approach
	Treatment and Outcome
	References

	15 Other Systemic Illnesses
	173 Adult-onset Still disease
	Key Points
	Introduction
	Epidemiology
	Etiopathogenesis
	Genetic Predisposition
	Environmental Factors
	Immune Dysregulation

	Clinical Presentation
	Fever
	Arthritis
	Rash
	Other Frequent Findings
	Infrequent Findings
	Laboratory Findings

	Classification and Diagnosis
	Management
	First-Line Treatment: Nonsteroidal Antiinflammatory Drugs and Glucocorticoids
	Second-Line Therapy: Immunosuppressants
	Third-Line Therapy: Biologic Agents
	Tumor necrosis factor inhibitors
	Anakinra
	Tocilizumab
	Other biologic agents

	Special Issues Regarding Treatment
	Pregnancy
	Macrophage activation syndrome
	AA amyloidosis


	Prognosis and Functional Outcome
	References


	174 Monogenic autoinflammatory diseases
	Key Points
	Introduction
	1. The Hereditary Periodic Fever Syndromes
	Familial Mediterranean Fever
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Laboratory investigations
	Treatment

	Mevalonate Kinase Deficiency (Previously Hyperimmunoglobulinemia D With Periodic Fever Syndrome)
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Clinical findings
	Laboratory investigations

	Treatment

	Tumor Necrosis Factor Receptor–Associated Periodic Syndrome
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Laboratory investigations
	Treatment


	2. Neutrophilic Urticaria (the Cryopyrin-Associated Periodic Syndrome, Familial Cold Autoinflammatory Syndrome, Muckle-Wells Syndrome, and Neonatal-Onset Multisystem Inflammatory Disease)
	Background
	Genetics and Pathophysiology
	The NLRP3 Inflammasome and Interleukin-1β Activation and Secretion
	Clinical Features and Laboratory Findings
	Familial Cold Autoinflammatory Syndrome
	Muckle-Wells Syndrome
	Neonatal-Onset Multisystem Inflammatory Disease or Chronic Infantile Neurologic Cutaneous and Arthritis Syndrome
	Laboratory investigations of cryopyrin-associated periodic syndromes
	Treatment of cryopyrin-associated periodic syndromes


	3. Variable Rashes, High Serum Interleukin-18, and Variable Predisposition to Macrophage Activation Syndrome
	NLRC4-Related Autoinflammatory Syndromes
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment


	4a. Pustular Skin Rashes and Episodic Fevers
	Interleukin-1–Mediated Pyogenic Disorders With Sterile Osteomyelitis
	Deficiency of the interleukin-1–receptor antagonist
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Clinical findings
	Laboratory findings

	Treatment

	Majeed syndrome
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment



	4b. Partially Interleukin-1–Mediated Pyogenic Disorders
	PAPA: Pyogenic Sterile Arthritis, Pyoderma Gangrenosum, and Acne Syndrome
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Clinical findings
	Laboratory investigations

	Treatment
	HA20: haploinsufficiency of A20 (monogenic form of Behçet disease)
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment



	4c. Pyogenic Disorders Caused by Non–Interleukin-1 Cytokine Dysregulation
	Deficiency of Interleukin 36 Receptor Antagonist
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment

	CARD14-Mediated Psoriasis
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment

	AP1S3-Mediated Pustular Psoriasis
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment

	Early-Onset Inflammatory Bowel Disease
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment


	5. Vasculopathy and Panniculitis/Lipoatrophy Syndromes
	Chronic Atypical Neutrophilic Dermatosis With Lipodystrophy and Elevated Temperature Syndrome and Proteasome-Associated Autoinflammatory Syndromes
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment

	OTULIN-Related Autoinflammatory Syndrome
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment


	6. Vasculopathy or Vasculitis With Livedo Reticularis Syndromes
	Without Significant Central Nervous System Disease
	Stimulator of interferon gene–associated vasculopathy with onset in infancy
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment


	With Severe Central Nervous System Disease
	Deficiency of adenosine deaminase 2
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment

	Aicardi-Goutières syndromes
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment

	Spondyloenchondrodysplasia with immune dysregulation
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment



	7. Autoinflammatory Disorders With Granulomatous Skin Diseases
	Without Significant Immunodeficiency
	Blau syndrome or early-onset sarcoidosis (pediatric granulomatous arthritis)
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Clinical findings
	Laboratory investigations

	Complications of untreated disease
	Treatment


	With Variable Features of Immunodeficiency
	PLCG2-associated antibody deficiency and immune dysregulation
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment



	Other Autoinflammatory Syndromes
	LACC1-Mediated Monogenic Still Disease
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment

	Familial Cold-Induced Autoinflammatory Syndrome 2
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings
	Treatment


	Syndromes Presenting With a Wider Clinical Phenotype
	Sideroblastic Anemia, B-Cell Immunodeficiency, Periodic Fevers, and Developmental Delay Syndrome
	Background
	Genetics and pathophysiology
	Clinical features and laboratory findings

	Cherubism
	Autoinflammation and Immunodeficiency

	Acknowledgement
	References

	175 Sarcoidosis
	Key Points
	History
	Epidemiology
	Clinical Features
	Respiratory Tract Involvement
	Ophthalmologic Involvement
	Cutaneous Involvement
	Cardiac Involvement
	Nervous System Involvement
	Musculoskeletal Involvement
	Joints
	Bone
	Muscle

	Other Organ System Involvement

	Childhood Sarcoidosis
	Sarcoidosis Associations
	Investigations
	Laboratory Tests
	Imaging
	Biopsy
	Additional Tests

	Differential Diagnosis
	Etiology
	Environmental Risk Factors
	Serum Amyloid a Aggregation
	Genetic Risk Factors

	Immunopathogenesis
	Step 1: Lymphocytic Alveolitis
	Step 2: Granuloma Formation
	Step 3: Granuloma Resolution

	Natural History and Prognosis
	Management
	Monitoring of Therapy
	Acknowledgement
	References

	176 Relapsing polychondritis
	Key Points
	History
	Epidemiology
	Clinical Features
	Otorhinolaryngeal Disease
	Respiratory Disease
	Musculoskeletal Symptoms
	Cardiovascular Disease
	Ocular Symptoms
	Renal Disease
	Dermatologic Disease
	Neurologic Disease
	Miscellaneous Features

	Diagnosis and Investigations
	Differential Diagnosis
	Pathogenesis
	Management
	Acknowledgments
	References

	177 Amyloidosis
	Key Points
	Introduction
	Pathogenesis of Amyloid
	Composition of Amyloid
	Pathologic Effects

	Acquired Amyloidosis
	Reactive Systemic Amyloidosis (AA Amyloidosis)
	Pathologic features

	Disease Associations
	Clinical features

	Amyloidosis Associated With Immunocyte Dyscrasia (AL Amyloidosis)
	Pathologic features
	Clinical features

	Dialysis-Related Amyloidosis, β2-Microglobulin Amyloidosis
	Clinical features

	Wild-Type Transthyretin (ATTR) Amyloidosis
	Localized AL Amyloidosis

	Hereditary Systemic Amyloidosis
	Familial Amyloidotic Polyneuropathy, Variant Transthyretin (ATTR) Amyloidosis
	Familial Amyloid Polyneuropathy With Predominant Cranial Neuropathy
	Nonneuropathic Hereditary Systemic Amyloidosis

	Diagnosis and Investigation of Amyloidosis
	Assessment of Organ Involvement by Amyloid
	Histologic Diagnosis of Amyloid
	Nonhistologic Investigations
	Cardiac amyloid

	Genomic and Proteomic Studies
	Radiolabeled Serum Amyloid P Component Scintigraphy
	Natural History and Prognostic Factors

	Treatment of Amyloidosis
	Treatment of AA Amyloidosis
	Treatment of AL Amyloidosis
	Treatment of Hereditary Amyloidosis and Organ Transplantation
	Supportive Treatment
	New Treatments and Future Directions

	References

	178 IgG4-related disease
	Key Points
	History and Overview
	Epidemiology
	Clinical Features
	IgG4-Related Type 1 Autoimmune Pancreatitis and Sclerosing Cholangitis
	IgG4-Related Ophthalmic Disease and Sialoadenitis
	IgG4-Related Kidney Disease
	IgG4-Related Pulmonary Disease
	IgG4-Related Retroperitoneal Fibrosis and Periaortitis
	Other Organ Manifestations

	Laboratory and Image Findings
	Blood Test Findings
	Histopathologic Findings
	Radiologic Imaging

	Pathogenesis
	Diagnosis
	Comprehensive Diagnostic Criteria for IgG4-Related Disease
	Algorithm for the Diagnosis of IgG4-Related Disease Using Organ-Specific Criteria
	Differential Diagnosis

	Management
	References

	16 Osteoarthritis
	179 Epidemiology and classification of osteoarthritis
	Key Points
	Introduction
	Definitions of Osteoarthritis
	Radiographic Osteoarthritis: Definitions
	Prevalence of radiographic osteoarthritis
	Prevalence of radiographic hip osteoarthritis
	Prevalence of radiographic knee osteoarthritis
	Prevalence of radiographic hand osteoarthritis
	Prevalence of radiographic osteoarthritis in other sites

	Incidence and progression of radiographic osteoarthritis
	Incidence and progression of radiographic hip osteoarthritis
	Incidence and progression of radiographic knee osteoarthritis


	Symptomatic Osteoarthritis: Definitions
	Prevalence of symptomatic hip osteoarthritis
	Prevalence of symptomatic knee osteoarthritis
	Prevalence of symptomatic hand osteoarthritis
	Prevalence of symptomatic osteoarthritis in other sites
	Incidence and progression of symptomatic osteoarthritis
	Incidence of joint replacement


	Mortality Rate in Osteoarthritis
	Conclusion
	References


	180 Local and systemic risk factors for incidence and progression of osteoarthritis
	Key Points
	Introduction
	Systemic Risk Factors for Knee Osteoarthritis
	Age
	Gender
	Body Weight
	Race and Ethnicity
	Bone Mineral Density
	Occupational Activity
	Nonoccupational Physical Activity
	Nutritional Factors
	Smoking

	Local Risk Factors for Knee Osteoarthritis
	Injury
	Knee Tissue Abnormalities
	Local Neuromuscular and Mechanical Factors

	Hip Osteoarthritis
	Developmental Abnormalities

	Hand Osteoarthritis
	Hand Osteoarthritis Progression

	Risk Factors for Pain in Osteoarthritis
	Radiographic Disease
	Tissue Lesions Detected by Magnetic Resonance Imaging
	Psychological Factors
	Body Weight

	Risk Factors for Function Limitation and Disability in Osteoarthritis
	Pain, Strength, Self-Efficacy, Depression, and Physical Activity
	Knee Confidence, Instability, and Falls
	Body Weight

	Conclusion
	References

	181 Clinical features of osteoarthritis
	Key Points
	Introduction
	Definition
	Symptoms
	Pain
	Articular sources of osteoarthritis pain
	Biopsychosocial aspects of osteoarthritis pain

	Joint Deformity and Swelling
	Stiffness
	Mechanical Symptoms

	Signs
	Crepitus
	Joint Swelling
	Observable Deformity
	Gait

	Clinical Presentations
	Knees
	Hips
	Hands
	Shoulders
	Feet
	Spine
	Other Sites
	Miscellaneous Osteoarthritis Syndromes
	Generalized osteoarthritis
	Erosive osteoarthritis
	Diffuse idiopathic skeletal hyperostosis


	Evaluation
	Patient-Reported Outcome Measures

	Mortality
	Conclusion
	References

	182 Animal models of osteoarthritis
	Key Points
	Introduction
	Why Do We Need OA Models?
	How Do We Model Osteoarthritis in Animals?
	What Components of Disease Are Being Modeled?
	Osteoarthritis Models: a Historical Perspective
	How Good Are the Osteoarthritis Models as Models of Human Disease?
	Current Rodent Osteoarthritis Models
	Spontaneous Osteoarthritis
	Chemical Induction of Osteoarthritis
	Surgical Induction of Osteoarthritis
	Meniscectomy
	Anterior cruciate ligament transection
	Destabilization of the medial meniscus


	Genetic modification
	Generation of genetically modified mice
	How to ensure maximum value from in vivo studies


	Animal Model Limitations
	Conclusion
	References

	183 Pathogenesis and pathology of osteoarthritis
	Key Points
	Introduction
	The Normal Joint: Anatomy, Physiology, and Function
	Pathology
	Typing, Staging, and Grading of Joint Cartilage Alterations in Osteoarthritis
	Typing and Grading of Synovial Membrane Alterations in Osteoarthritis
	Evaluation of Regenerative Cartilage Formation in Osteoarthritic Joints (Chondro-Osteophyte Formation)
	Animal Models of Osteoarthritis
	Pathogenetic Concepts in Osteoarthritis
	Articular Cartilage and the Extracellular Matrix
	Pathologic Matrix Degradation
	Age-Induced Degenerative Changes in the Cartilage Matrix
	Crystal Deposition Disease
	Role of Biochemical Differences
	The Articular Cartilage and Chondrocytes
	Developmental History as a Model of Chondrocyte Reactivity in the Adult
	The Osteoarthritic Chondrocyte Phenotype
	Inflammatory Signaling, Reactive Oxygen Species, and Reactive Nitrogen Species
	Obesity and Adipokines
	The Concept of Progressive (Apoptotic) Cell Loss
	The Aging Chondrocyte: Genomic Integrity and the Chaotic Phenotype
	The Synovial Membrane
	The Subchondral Bone
	Influence of Mechanical Load
	Neuromuscular Function and Proprioception: Roles in Joint Homeostasis

	Genetics, Functional Genomics, and Epigenetics
	Genetics
	Functional Genomics and Proteomics
	Epigenetics

	Conclusion
	References

	184 Genetics of osteoarthritis
	Key Points
	Introduction
	Evidence for Inheritance of Osteoarthritis
	Traits and Outcomes Studied in the Genetics of Osteoarthritis
	Twin and Family Studies
	Twin Studies
	Familial Aggregation Studies

	Familial Disorders Associated With Osteoarthritis
	Nature of the Genetic Influence in Osteoarthritis
	Candidate Genes
	Genome-Wide Association Studies

	Conclusions
	Acknowledgement
	References

	185 Imaging of osteoarthritis
	Key Points
	Introduction
	Conventional Radiography
	Radiographic Procedures
	What Pathologic Features Can Conventional Radiography Assess in Osteoarthritis?
	Osteophytes
	Subchondral sclerosis, erosions, and cysts
	Joint space narrowing
	Bone remodeling and attrition
	Subchondral trabecular bone analysis
	Joint morphology
	Conventional radiography and osteoarthritis symptoms
	Conventional radiography and early osteoarthritis
	Conventional radiography in advanced osteoarthritis
	Quantification of pathology on conventional radiography
	Radiographic grading systems
	Considerations for research

	Hip conventional radiography
	Hand conventional radiography
	Knee conventional radiography


	Magnetic Resonance Imaging
	What Pathologic Features Can Magnetic Resonance Imaging Assess in Osteoarthritis?
	Cartilage abnormalities
	Synovitis and joint effusion
	Fibrocartilage and ligament abnormalities
	Subchondral bone marrow lesions and cysts
	Bone attrition
	Osteophytes
	Bone erosion
	Three-dimensional bone shape
	Muscle

	Quantification of Magnetic Resonance Imaging Pathologic Changes
	Multiple tissue evaluation

	Quantitative Imaging Analysis
	Considerations for Research
	Hip Magnetic Resonance Imaging
	Hand Magnetic Resonance Imaging
	Knee Magnetic Resonance Imaging

	Ultrasonography
	What Pathologic Features Can Ultrasonography Assess in Osteoarthritis?
	Synovitis
	Cartilage
	Osteophytes
	Menisci
	Quantification of ultrasound imaging pathologic changes

	Considerations for Research

	Other Imaging Modalities
	Scintigraphy
	Computed Tomography and Computed Tomographic Arthrography
	Positron Emission Tomography
	Considerations for Clinical Practice

	Considerations for Future Research
	Summary
	References

	186 Assessment of the patient with osteoarthritis and measurement of outcomes
	Key Points
	Introduction
	Biomedical Versus Biopsychosocial Perspective in Assessment of Patients With Osteoarthritis
	Fundamental Differences Between Patient Assessment in Clinical Research Versus Routine Clinical Practice
	The World Health Organization’s International Classification of Functioning, Disability, and Health
	Selection of Measures for Evaluation of Patients With Osteoarthritis
	Assessment of Impairments in Osteoarthritis
	Examination of physical signs of osteoarthritis
	Symptom reporting using standardized questionnaires
	Assessment of pain
	Assessment of fatigue
	Assessment of sleep
	Assessment of mood

	Assessment of Activity Limitations and Participation Restrictions in Osteoarthritis
	Measurement of activity limitations using standardized questionnaires

	Performance-Based Assessment of Impairments and Activity Limitations
	Assessment of Participation Restrictions
	Evaluation of Key Contextual Factors

	Responsiveness and Interpretation of Change in Patient Status
	Responsiveness of Measure Scores
	Interpretation of Changes in Measure Scores

	Conclusion
	References

	187 Preclinical and early osteoarthritis
	Key Points
	Definition of Preclinical and Early Osteoarthritis
	Evidence for Preclinical and Early Osteoarthritis
	Detection of Preclinical and Early Osteoarthritis
	Progression of Osteoarthritis
	Triggering Mechanisms
	Treatment Paradigms
	Potential Benefits to an Early Diagnosis of Osteoarthritis
	Summary
	References

	188 Management of osteoarthritis
	Key Points
	Introduction
	Treatment Modalities
	Objectives
	Nonpharmacologic Modalities
	Patient education
	Exercise
	Weight loss
	Orthotics
	Braces and patellar taping
	Use of assistive devices
	Other nonpharmacologic interventions

	Pharmacologic Treatment Modalities
	Topical agents
	Oral analgesia
	Acetaminophen (paracetamol)
	Nonsteroidal antiinflammatory drugs
	Cyclooxygenase-2–selective inhibitors versus traditional nonsteroidal antiinflammatory drugs

	Centrally acting analgesics

	Intraarticular therapy
	Glucocorticoids
	Hyaluronate preparations

	Slow-acting symptomatic osteoarthritic drugs
	Glucosamine sulfate
	Chondroitin sulfate
	Diacerein
	Avocado/soybean unsaponifiables

	Surgical interventions
	Arthroscopic and joint debridement
	Osteotomy
	Total joint arthroplasty


	Issues Specific to the Management of Hand Osteoarthritis

	References

	17 Crystal-Related Arthropathies
	189 Epidemiology and classification of gout
	Key Points
	Historical Perspective
	Westernization and Gout Trends
	Case Definitions and Classification Criteria
	Prevalence of Gout
	Incidence of Gout
	Risk Factors for Hyperuricemia and Gout
	Demographics: Sex, Age, and Ethnicity
	Lifestyle Factors
	Adiposity
	Meat and seafood
	Dairy intake
	Purine-rich vegetables, vegetable protein, and cherries
	Alcoholic beverages
	Sugar-sweetened sodas and fructose-rich foods
	Coffee, teas, and caffeine
	Vitamin C

	Medications
	Environmental and Ambient Exposure
	Key Mediating Mechanisms of Lifestyle Factors: Purine and Insulin Resistance
	Cardiovascular-Metabolic Conditions and Other Disorders

	References


	190 Etiology and pathogenesis of gout
	Key Points
	Urate Physiology
	Forms of Uric Acid
	Urate Balance

	Hyperuricemia
	Conditioning Factors
	Classification of Hyperuricemia

	Purine Metabolism: Pathways and Regulation of Urate Production
	Purine Synthetic Pathways
	Degradation of Purines to Urate

	Renal Uric Acid Excretion
	Urate Transporters
	Glucose transporter 9
	URAT1
	Other urate transporters

	Autosomal Dominant Tubulointerstitial Kidney Disease Caused by UMOD Pathogenic Variants (ADTKD-UMOD)

	Extrarenal Urate Excretion
	Urate Crystal Formation
	The Inflammatory Response to Urate Crystals
	Crystal Phagocytosis
	Proteins Binding to Urate Crystals
	Phagocyte Responsiveness

	The Acute Gout Flare
	Intracellular Messengers
	Acute Inflammatory Mediators
	Chemokines
	Other Mediators
	Neutrophil Activation
	Termination of the Acute Flare

	Advanced Gout
	The Genetics of Gout
	Metabolic Genes
	Genes Influencing Crystal Formation and Crystal-Triggered Inflammation

	Acknowledgement
	References

	191 Clinical features of gout
	Key Points
	Asymptomatic Hyperuricemia
	Acute Gout
	Intercritical Gout
	Chronic Tophaceous Gout
	References

	192 Management of gout and hyperuricemia
	Key Points
	Treatment of Acute Gouty Inflammation
	Therapeutic Targets
	Primary Treatment Objectives
	Choice of Drug and Treatment Regimens
	Nonsteroidal antiinflammatory drugs
	Glucocorticoids
	Adrenocorticotropic hormone
	Colchicine
	Clinical pharmacology of colchicine and drug–drug interactions
	Mechanism of action
	Evidence basis and colchicine dosing for treatment of acute gout
	Side effects


	Colchicine and Other Antiinflammatory Drugs for Prophylaxis of Acute Gout
	Interleukin-1 Inhibition for Treatment and Prophylaxis of Gouty Arthritis

	Treatment of Hyperuricemia in Gout
	Nonpharmacologic Measures
	Indications for Pharmacologic Urate-Lowering Therapy for Gout and Drug Choices
	Strategies for Treatment-Refractory Hyperuricemia
	Allopurinol
	Clinical pharmacology and mechanism of action
	Side effects
	Severe allopurinol hypersensitivity reaction: clinical features and risk management

	Allopurinol dosing and factors influencing response to allopurinol, including in chronic kidney disease

	Febuxostat
	Probenecid and Lesinurad
	Mechanism of action
	Dosing recommendations and side effects

	The Uricase Pegloticase for Refractory Hyperuricemia in Patients With Severe, Chronic Gout
	Mechanism of action
	Pegloticase for refractory hyperuricemia of gout
	Recent developments
	Side effects
	Antibodies to pegloticase


	Acknowledgements
	References

	193 Calcium pyrophosphate deposition disease (pseudogout)
	Key Points
	Introduction
	Nomenclature
	Epidemiology
	Clinical Presentation
	Asymptomatic Chondrocalcinosis
	Acute Calcium Pyrophosphate Crystal Arthritis (Pseudogout)
	Osteoarthritis With Acute Attacks
	Osteoarthritis Without Acute Attacks
	Polyarticular Inflammatory Arthritis
	Neuropathic Arthritis

	Other Forms of Calcium Pyrophosphate Deposition Disease
	Spinal Involvement
	Crowned Dens Syndrome
	Extraarticular Calcium Pyrophosphate Deposition Disease Deposits (Tophaceous Calcium Pyrophosphate Deposition Disease)
	Involvement of Other Mineralized Tissues

	Triggers of Acute Attacks of Calcium Pyrophosphate Crystal Arthritis
	Intraarticular Hyaluronic Acid Administration
	Bisphosphonates
	The Postoperative State
	Other Triggers

	Associated Diseases
	Hyperparathyroidism
	Hemochromatosis
	Hypomagnesemia
	Hypophosphatasia
	Gout
	Rheumatoid Arthritis

	Familial Forms of Calcium Pyrophosphate Deposition Disease
	Diagnostic Strategies
	Synovial Fluid Analysis
	Imaging
	Conventional radiography
	Computed tomography
	Magnetic resonance imaging
	Diagnostic ultrasonography
	Advanced imaging techniques

	Pathology
	Pathogenesis
	Step 1: Crystal formation
	Step 2: Crystal effects
	Mechanical consequences



	Treatment
	Acute Calcium Pyrophosphate Crystal Arthritis (Box 193.4)

	Conclusions
	Acknowledgements
	References

	194 Basic calcium phosphate crystal deposition disease
	Key Points
	History
	Calcific Periarthritis
	Intraarticular Basic Calcium Phosphate Crystal Deposition

	Epidemiology
	Calcific Periarthritis
	Articular Calcification

	Clinical Features
	Calcific Periarthritis
	Large-joint destructive arthropathies
	Additional clinical manifestations


	Investigations
	Imaging
	Biochemical
	Synovial or Bursal Fluid
	Identification and Characterization of Basic Calcium Phosphate Crystals

	Differential Diagnosis
	Structure and Function
	Nature of the Crystals

	Etiology
	Pathogenesis
	Calcific Periarthritis
	Tumoral Calcinosis
	Basic Calcium Phosphate Crystals and Osteoarthritis

	Management
	Calcific Periarthritis
	Tumoral Calcinosis
	Articular Basic Calcium Phosphate Crystals

	Conclusion
	References

	18 Metabolic Bone Disease
	195 Epidemiology and classification of osteoporosis
	Key Points
	Introduction
	History
	Definition of Osteoporosis
	Classification of Osteoporosis
	Assessment of Fracture Risk
	Prevalence and Incidence
	Risk Factors
	Impact of Osteoporotic Fracture
	Mortality
	Morbidity

	Bone Mineral Density and Fracture

	Fracture Epidemiology
	Hip Fracture
	Secular trends in hip fracture

	Vertebral Fracture
	Distal Forearm Fracture
	Prior Fracture and the Risk of Subsequent Fracture
	Economic Burden of Fracture

	Future Projections
	Conclusion
	References


	196 Clinical features of osteoporosis
	Key Points
	Introduction
	Clinical Features of Fractures
	Non–Spine-Related Fractures
	Vertebral Fractures
	STRESS FRACTURES

	Consequences and Outcome of Fractures
	Hip Fractures
	Mortality rate after hip fracture
	Morbidity after hip fracture

	Vertebral Fractures
	Mortality after vertebral fracture
	Morbidity after vertebral fracture
	Back pain
	Loss of height and kyphosis
	Physical function and quality of life



	Risk Factors for Osteoporosis and Fractures
	Clinical Risk Factors
	Causes of Secondary Osteoporosis
	Fracture Risk Calculators
	FRAX
	Application of FRAX



	References

	197 Pathophysiology of osteoporosis
	Key Points
	Introduction
	Determinants of Peak Bone Mass
	Genetic Factors Affecting Bone Mass
	Monogenic osteoporosis
	Gene modulation by hormones
	Ethnic differences

	Nutrition Effects on Bone Mass
	Exercise Effects on Bone Mass
	Gonadal Function Effects on Peak Bone Mass

	Determinants of Bone Loss
	Nutrition: Calcium and Vitamin D Effects on Bone Loss
	Nutrition: other dietary factors

	Alcohol and Smoking Effects on Bone Loss
	Physical Activity Effects on Bone Loss
	Chronic Diseases and Medications

	Pathogenesis of Bone Loss
	Bone Remodeling
	Osteoclast Activation and Resorption
	Osteoblast-Mediated Bone Formation and Osteocytes
	Gender and Other Influences on Remodeling
	Effects of Remodeling on Cancellous Bone
	Effects of Remodeling on Cortical Bone

	References

	198 Biochemical markers in bone disease
	Key Points
	Need for Biomarkers
	Biomarker Nomenclature: BIPEDS
	Molecular Classifications
	Biomarkers and Bone Disease
	Bone Turnover Markers: What Do They Provide?
	Overview of Bone Markers
	Diagnostic Versus Prognostic Utility of Biomarkers
	Example of CTX-I
	Diagnostic role
	Prediction of fractures

	Role of Biomarkers in Monitoring Therapies
	Role of Biomarkers in Assessing Drug Safety
	Limitations
	Conclusions and Perspectives

	Biomarkers of the Joint: Bone, Cartilage, and Synovial Inflammation
	Cartilage Turnover Markers
	Cartilage Degradation
	C-terminal telopeptide of type II collagen
	Aggrecanase degradation of aggrecan
	Cartilage oligomeric protein
	Cartilage formation


	Synovitis
	References

	199 Management of osteoporosis
	Key Points
	Introduction
	Recommendations for Treatment
	Evaluation for Secondary Osteoporosis
	Treatment
	Nonpharmacologic Approaches
	Physical therapy and balance training

	Calcium and Vitamin D Supplementation
	Other Lifestyle Modifications
	Prevention of Falls
	Hip Pads and Other Assistive Devices

	Pharmacologic Interventions
	Hormone Replacement Therapy
	Mechanism of action
	Fracture prevention
	Side effects

	Estrogen Agonist-Antagonists
	Mechanism of action
	Fracture reduction
	Side effects

	Newer Estrogen Agonist-Antagonists
	Calcitonin
	Bisphosphonates
	Mechanism of action
	Pharmacologic properties
	Fracture reduction in clinical trials

	Etidronate
	Alendronate
	Risedronate
	Ibandronate
	Zoledronate
	Denosumab
	Mechanism of action
	Fracture reduction

	Side Effects of Antiresorptive Agents
	Parathyroid Hormone
	Mechanism of action
	Fracture reduction

	Teriparatide (Anabolic Therapy) Versus Antiresorptive Therapy
	Abaloparatide (PTHrP 1-34)
	Mechanism of action
	Fracture reduction
	Side effects

	Strontium Ranelate
	Mechanism of action
	Fracture reduction
	Side effects

	Summary

	Management of Vertebral Fractures
	Operative Management

	References

	200 Glucocorticoid-induced osteoporosis
	Key Points
	Introduction
	Pathophysiology of Glucocorticoid Bone Loss
	Epidemiology
	Investigations
	Bone Mineral Density
	Trabecular Bone Score
	Advanced Imaging
	Biochemical Markers

	Management
	Risk Stratification
	Current Recommendations
	Calcium and Vitamin D
	Calcitonin
	Bisphosphonates
	Risedronate
	Parathyroid Hormone
	RANKL Inhibition: Denosumab

	Care Gap in the Screening, Prevention, and Treatment of Glucocorticoid-Induced Osteoporosis
	Conclusion
	References

	201 Osteomalacia and rickets
	Key Points
	Introduction
	Calcium, Phosphorus, and Vitamin D Metabolism
	Effect of Vitamin D on Bone Metabolism
	Causes of Osteomalacia and Rickets
	Consequences of Vitamin D Deficiency on Bone Mineralization
	Definition of vitamin D deficiency and insufficiency

	Calcium Deficiency
	Phosphate Deficiency: Heritable and Acquired Disorders
	Fanconi Syndrome and Renal Tubular Acidosis
	Aluminum Toxicity
	Heavy Metals
	Fluoride
	Drugs

	Investigations for Osteomalacia and Rickets
	Imaging
	Biochemistry

	Clinical Findings
	Strategies for the Treatment and Prevention of Osteomalacia
	References

	202 Renal osteodystrophy
	Key Points
	Introduction
	Definition of Renal Osteodystrophy
	Relationship to Renal Impairment

	Overview of the Different Forms of Renal Bone Disease
	Hyperphosphatemia and Hyperparathyroidism
	Osteomalacia
	Adynamic Renal Bone Disease
	Osteoporosis
	Metabolic Acidosis

	Differential Diagnosis
	Role of Quantitative Bone Histomorphometry
	Role of Biochemical Profiling

	Management of Individual Disorders
	Hyperphosphatemia and Hyperparathyroidism
	Osteomalacia
	Aluminum Bone Disease
	Adynamic Renal Bone Disease
	Metabolic Acidosis
	Osteoporosis
	Bisphosphonates
	Teriparatide


	Conclusion
	References

	203 Paget disease of bone
	Key Points
	History
	Epidemiology
	Pathogenesis
	Genetic Factors
	Environmental Factors
	Histopathology

	Clinical Features
	Signs and Symptoms
	Skeletal Sites

	Imaging
	Laboratory Findings
	Differential Diagnosis
	Complications and Natural History
	Treatment
	Bisphosphonates
	Other Drugs
	Supportive Therapy
	Surgery
	Follow-Up and Retreatment

	Conclusion
	Acknowledgement
	References

	19 Other Arthopathies and Miscellaneous Disorders
	204 Diffuse idiopathic skeletal hyperostosis
	Key Points
	History
	Epidemiology
	Criteria and Characteristic Description
	Criteria
	Characteristic bone changes
	Spectrum of bone changes

	General Findings

	Clinical Features
	Investigations
	Differential Diagnosis
	Etiology and Pathogenesis
	Pathology
	Metabolic Factors
	Diabetes and obesity
	Bone growth factors
	Other metabolic factors


	Management
	Primary Prevention
	Specific Interventions

	References


	205 Neuropathic arthropathy
	Key Points
	History
	Etiology
	Diabetes Mellitus
	Syringomyelia
	Tabes Dorsalis
	Leprosy
	Congenital Indifference to Pain
	Meningomyelocele (Spinal Dysraphism)

	Clinical Features
	Midtarsal Joint
	Knee
	Other Peripheral Joints

	Imaging
	Plain Radiography
	Other Imaging Techniques

	Laboratory Investigations and Histologic Analysis
	Differential Diagnosis
	Pathogenesis
	Role of Inflammation
	Management
	Acute Neuropathic Arthritis
	Reduction of weight bearing
	Bisphosphonates

	Chronic Neuropathic Arthropathy

	Conclusion
	References

	206 Osteonecrosis
	Key Points
	Introduction
	Epidemiology
	Corticosteroids
	Alcohol
	Systemic Lupus Erythematosus
	Coagulopathies and Hemoglobinopathies
	Bisphosphonate-Induced Osteonecrosis of the Jaw

	Pathologic Features
	Pathogenesis
	Altered fat metabolism
	Intravascular coagulation
	Elevated intraosseous pressure
	Intramedullary hemorrhage
	Osteocytotoxicity
	Other participatory processes


	Clinical Features
	Imaging
	Radiography
	Radionuclide Bone Scans
	Computed Tomography
	Magnetic Resonance Imaging
	Staging Systems

	Diagnosis
	Differential Diagnosis
	Specific Variants of Osteonecrosis
	Bone infarct
	Subchondral insufficiency fracture
	Osteonecrosis during pregnancy
	Idiopathic transient osteoporosis of the hip


	Management
	Role of Conservative Management
	Core Decompression
	Other Orthopedic Interventions for Osteonecrosis
	Arthroplasty
	Experimental Therapies

	References

	207 Rheumatoid manifestations of endocrine and lipid disease
	Key Points
	Acromegaly
	First Stage
	Second Stage
	Third Stage
	Clinical Features

	Diabetes Mellitus
	Thyroid Disease
	Hypothyroidism
	Hyperthyroidism

	Adrenal Disorders
	Lipid Disorders
	Drug-Associated Musculoskeletal Manifestations
	Statin Drug–Associated Muscle Syndromes
	Aromatase Inhibitors: Musculoskeletal Manifestations
	Proprotein Convertase Subtilisin/Kexin Type 9 Inhibitors: Musculoskeletal Manifestations

	Hyperparathyroidism
	Pseudohypoparathyroidism
	Acknowledgements
	References

	208 Hemophilia and von Willebrand disease
	Key Points
	HEMOPHILIA
	von WILLEBRAND DISEASE

	Hemophilia
	History
	Epidemiology
	Classification
	Etiology

	von Willebrand Disease
	Hemophilic Arthritis
	Clinical Features
	Acute hemarthrosis
	Differential diagnosis of acute hemarthroses

	Subacute arthropathy
	Chronic arthropathy

	Non–Joint-Related Disorders
	Muscle hemorrhage
	Hemophilic pseudotumors

	Diagnosis
	Imaging
	Pathogenesis of Hemophilic Arthropathy

	Management
	Primary Prevention
	Management of Arthritis
	Acute hemarthroses
	Subacute hemophilic arthropathy
	Chronic arthropathy


	Complications of Hemophilic Arthritis
	Osteoporosis
	Chronic pain

	Management of Joint Bleeding at Specific Sites
	Orthopedic surgery
	Knee
	Ankle
	Elbow
	Hip

	Exercise and sports


	Current Issues in Treatment of Hemophilia
	Blood Product–Transmitted Infections
	Novel Approaches to Coagulation Factor Inhibitors
	Future Treatment Options

	Summary
	References

	209 Sickle cell disease and other hemoglobinopathies
	Key Points
	Introduction
	Pathogenesis
	Clinical Features
	Painful Crisis
	Dactylitis
	Osteonecrosis
	Osteomyelitis and Septic Arthritis
	Gout
	Miscellaneous

	Investigations
	Differential Diagnosis
	Management
	References

	210 Hemochromatosis
	Key Points
	History
	Epidemiology and Genetics
	Characteristics of Arthropathy
	Frequency of Arthropathy
	Arthropathy: Peripheral Joint Involvement
	Arthropathy: Spinal Involvement
	Is The Arthropathy Inflammatory or Noninflammatory?
	Radiologic Appearance

	Pathology and Etiopathogenesis
	Osteoporosis
	Treatment
	Iron Depletion
	Other Approaches

	Summary
	References

	211 Gaucher disease
	Key Points
	Epidemiology
	Etiology
	Biochemistry
	Molecular Biology and Genetics

	Pathogenesis
	Clinical Features
	Hematologic Manifestations and Other Extraskeletal Disorders
	Skeletal Involvement

	Investigations
	Biochemical Studies
	Imaging
	Histology

	Differential Diagnosis
	Management
	Therapeutic Goals
	Enzyme Replacement Therapy
	Substrate Reduction Therapy
	Symptomatic Treatments
	Bone remodeling–targeted treatments and vitamin D
	Splenectomy
	Orthopedic treatments

	Experimental Therapies

	References

	212 Rare osteoarthritis
	Key Points
	OCHRONOSIS
	KASHIN-BECK DISEASE

	Introduction
	Ochronosis
	History
	Epidemiology
	Clinical Features
	Pathology Investigations
	Noninvasive
	Invasive

	Differential Diagnosis
	Pathogenesis
	Genetics
	Animal Models
	Management

	Kashin-Beck Disease
	History
	Epidemiology
	Clinical Features
	Pathology Investigations
	Noninvasive
	Invasive

	Differential Diagnosis
	Pathogenesis
	Genetics
	Animal Models
	Management

	Acknowledgements
	References

	213 Digital clubbing and hypertrophic osteoarthropathy
	Key Points
	History
	Epidemiology
	Classification
	Clinical Features
	Symptoms
	Physical Findings
	The Primary Form

	Investigations
	Differential Diagnosis
	Clinical Significance

	Pathology
	Etiology and Pathogenesis
	Prostaglandins and Primary Hypertrophic Osteoarthropathy

	Management
	References

	214 Miscellaneous arthropathies
	Key Points
	Cancer-Related Musculoskeletal Syndromes
	Associations of Rheumatologic Diseases With Cancer
	Musculoskeletal Manifestations of Cancer
	Synovial Sarcoma
	Cartilaginous Tumors
	Metastatic Disease
	Paraneoplastic Syndromes
	Carcinomatous Polyarthritis
	Hypertrophic Osteoarthropathy
	Palmar Fasciitis and Polyarthritis Syndrome
	Oncogenic Osteomalacia

	Neoplastic Conditions That Mimic Rheumatologic Disease
	Acute Lymphoblastic Leukemia
	Hairy Cell Leukemia
	Angioimmunoblastic T-Cell Lymphoma
	Multiple Myeloma

	Other Serious Systemic Syndromes With Rheumatologic Features
	Multicentric Reticulohistiocytosis
	Castleman Disease
	POEMS Syndrome
	Whipple Disease

	Syndromes With Predominantly Musculoskeletal Involvement
	Bypass Arthritis
	Foreign Body Synovitis
	Silicone Synovitis
	Intermittent Hydrarthrosis
	Palindromic Rheumatism
	Fibroblastic Rheumatism
	Pigmented Villonodular Synovitis and Tenosynovitis
	SAPHO Syndrome
	Primary Synovial Osteochondromatosis
	Diabetic Muscle Infarction
	Retroperitoneal Fibrosis

	Musculoskeletal Syndromes Associated With Chronic Kidney Disease
	Arthritis and Periarthritis
	β2-Microglobulin Amyloidosis
	Gadolinium-Induced Fibrosis

	Use of Antirheumatic Drugs in Patients Receiving Dialysis
	References

	215 Heritable connective tissue disorders
	Key Points
	Introduction to Genetic Disorders of the Skeleton and Associated Soft Tissues
	Disorders of Bone Density
	Skeletal Dysplasias
	Marfan Syndrome and Related Conditions
	Clinical Features of Marfan Syndrome

	Cardiovascular Disease
	Ocular Disease
	Skeletal Involvement
	Respiratory System
	Diagnosis of Marfan Syndrome
	Ehlers-Danlos Syndrome
	Disorders of Bone Density
	Osteopetrosis
	Osteoscleroses

	Skeletal Dysplasias and Related Conditions
	Osteogenesis Imperfecta (Brittle Bone Syndrome)
	Diagnosis of osteogenesis imperfecta
	Treatment

	Chondrodysplasias
	Fibroblast Growth Factor Receptor 3–Related Disorders
	Achondroplasia
	Hypochondroplasia
	Thanatophoric dwarfism
	Type 2 collagenopathies
	Multiple epiphyseal dysplasias
	Other forms of chondrodysplasia
	Dysostoses
	Craniosynostoses


	Other Miscellaneous Conditions
	Fibrodysplasia Ossificans Progressiva
	Abnormalities in the G Protein Signaling System
	Activating Mutations in GNAS1

	References

	216 Hypermobility syndrome
	Key Points
	Introduction
	Epidemiology and Genetics
	Ehlers-Danlos Hypermobility Type
	Diagnostic Criteria for Key Conditions Presenting to Rheumatology
	Diagnosing Generalized Hypermobility
	Benign Joint Hypermobility Syndrome and Ehlers-Danlos Hypermobility Type
	Classification of the Ehlers-Danlos Syndromes
	Marfan Syndrome

	Clinical Musculoskeletal Associations With Joint Laxity (Known and Postulated)
	Musculoskeletal Pain
	Reduced Proprioception and Muscle Weakness
	Pes planus
	Genu recurvatum
	Dislocations and subluxations
	Recurrent patellar dislocation
	Osteoarthritis


	Extraarticular Associations (Known and Postulated)
	Fatigue
	Gastrointestinal
	Autonomic Dysfunction
	Postural Orthostatic Tachycardia Syndrome

	Hernias, Varicose Veins, Uterine Prolapse, and Voiding Dysfunction
	Hernia
	Varicose Veins
	Uterine Prolapse and Voiding Dysfunction

	Psychological Problems
	Differentiating Between Chronic Widespread Pain Conditions (Including Fibromyalgia) and Benign Joint Hypermobility Syndrome With Associated Pain
	Rehabilitation
	Musculoskeletal Rehabilitation
	Pain Management

	Discussion
	References

	217 Bone tumors
	Key Points
	Introduction
	Metastatic Tumors
	Hematologic Malignancies in Bone
	Primary Bone Tumors

	Metastatic Carcinoma to Bone
	Radiographic Appearance
	Histologic Appearance

	Hematologic Malignancies
	Multiple Myeloma
	Investigations
	Treatment

	Malignant Lymphoma
	Histologic appearance
	Treatment and prognosis


	Primary Bone Tumors
	Bone Cysts
	Aneurysmal bone cyst
	Simple bone cysts

	Bone-Forming Neoplasms
	Incidental bone islands
	Osteoid osteoma

	Osteoblastoma
	Osteosarcoma
	Parosteal osteosarcoma

	Cartilage Neoplasms
	Chondroblastoma

	Chondromyxoid Fibroma
	Enchondroma
	Osteochondroma
	Periosteal Chondroma
	Chondrosarcoma
	Fibrous-Like Neoplasms
	Nonossifying fibroma

	Fibrous Dysplasia
	Undifferentiated High-Grade Pleomorphic Sarcoma
	Giant Cell Tumor
	Ewing Sarcoma
	Osteofibrous Dysplasia and Adamantinoma
	Vascular Neoplasms
	Chordoma

	References

	Appendix: Classification and Diagnostic Criteria
	Classification and Diagnostic Criteria
	Acute Rheumatic Fever
	Adult-Onset Still Disease
	Antiphospholipid Syndrome
	Complex Regional Pain Syndrome
	Diffuse Idiopathic Skeletal Hyperostosis
	Fibromyalgia
	Gout
	Hypermobility
	IgG4-Related Disease
	Inflammatory Muscle Disease
	Idiopathic Inflammatory Myopathies
	Inclusion Body Myositis
	Polymyositis and Dermatomyositis

	Juvenile Idiopathic Arthritis
	Macrophage Activation Syndrome Complicating Systemic Juvenile Idiopathic Arthritis
	Kashin-Beck Disease
	Osteoarthritis
	Psoriatic Arthritis
	Reactive Arthritis
	Relapsing Polychondritis
	Rheumatoid Arthritis
	Sjögren Syndrome
	Spondylarthritis
	Axial
	Peripheral

	Systemic Lupus Erythematosus
	Systemic Sclerosis and Scleroderma
	Vasculitis
	Antineutrophil Cytoplasmic Antibody–Associated Vasculitis
	Eosinophilic granulomatosis with polyangiitis (Churg-Strauss syndrome)
	Granulomatosis with polyangiitis
	Childhood Wegener granulomatosis

	Polyarteritis Nodosa
	Childhood polyarteritis nodosa

	Behçet Disease
	Cryoglobulinemia
	Henoch-Schönlein Purpura and Immunoglobulin A Vasculitis
	Childhood Henoch-Schönlein purpura

	Hypersensitivity Vasculitis
	Kawasaki Disease
	Polymyalgia Rheumatica and Giant Cell Arteritis
	Polymyalgia rheumatica
	Giant cell arteritis

	Takayasu Arteritis
	Childhood Takayasu arteritis


	References


